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General Introduction and Scope
1. General introduction
Since the first description of the technique by M.S. Tswett in 1903, chromatography
has become an invaluable tool for the analysis of a broad variety of complex mixtures.
In the last century, continuous innovations in the field resulted in contemporary chro-
matographic methods and instruments which can deliver fast separation, purification,
identification, and quantification of a vast variety of molecules.
All common chromatographic methods have the same goal: to separate the individual
compounds of a given sample in the shortest possible time. In chromatographic terms
this boils down to finding a compromise between resolution, speed, and sensitivity. Or
in other words: finding the experimental parameters where the desired resolution and
sensitivity are reached in the fastest possible time. In this respect, the most important
characteristic of a chromatographic separation is the resolution Rs as it delivers a measure













This well-known dependency of the resolution Rs on the efficiency N, the selectivity α,
and the retention factor k is displayed in Figure I.1.
It is clear from this figure that the selectivity and efficiency have the highest influence
on the resolving power of the separation.
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Figure I.1: Dependency of resolution Rs on efficiency N, selectivity α, and retention factor k.
In capillary gas chromatography (CGC), the mobile phase is an inert gas which only
mobilizes the analytes through the column but does not influence the selectivity. This
gas is characterized by a high diffusivity. This means that diffusion of analytes from
mobile phase to stationary phase is fast and diffusion path lengths can be rather large.
As a result, open tubular wall-coated columns are frequently used in CGC and because
of the low resistance that is experienced when mobilizing the mobile phase through such
columns, the column can be long. This means that high resolving powers in CGC are
achieved through high efficiencies rather than high selectivities. Because of the much
lower diffusion coefficients of the analytes in the liquid mobile phases used in liquid
chromatography (LC), the use of packed columns instead of open tubular columns is
more beneficial. However, percolating the liquid mobile phase through a packed column
requires high pressures. This results in the use of columns with limited lengths and,
therefore, limited efficiencies. In those cases, a sufficient resolving power can only be
achieved by high selectivity, as can also be seen from Figure I.1.
As the complexity of the mixtures which need to be analyzed by LC is ever growing and
the need for more resolving power in LC methods is higher than ever, many approaches
have been reported to increase the selectivity of LC separations. The stationary-phase
chemistry has an important effect on the selectivity and for this reason a lot of phases
have been introduced over the years. A significant number of studies were dedicated
to the classification of all these stationary phases in order to be able to select the best
phase for a given separation [1-14]. However, in practice, the stationary phase is usually
preselected after which the selectivity is tuned by changing the mobile-phase composition
2
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and column temperature [16-23].
In order to further increase the resolving power in LC, many strategies have been applied
to increase the efficiency of the separations. This efficiency is limited by the maximal
pressure drop that can be applied over the packed column ∆pcol which in its turn is
dependent on the column permeability Kv, the column length L, the linear velocity of





This equation illustrates that there are three possible strategies in order to increase
the efficiency: increasing the column permeability, increasing the pressure limit of the
system, or decreasing the mobile-phase viscosity. In order to increase the column perme-
ability, alternative geometries to the beds packed with fully-porous particles have been
introduced. The use of so-called monolithic columns results in low pressure drops over
the column and inherent low intra-column band broadening [24-26]. These monoliths are
continuous structures composed of highly interconnected pores through a silica or poly-
meric skeletal structure [27-29]. Because of the high permeability of these structures,
very long columns can be used and high efficiencies can be reached in short analysis
times [26,30,31]. On the other hand, the low reproducibility of the bed geometry and
low ability of the monolithic beds to withstand pressure have thus far prevented the
technology to become widespread.
In an analogous way, the use of superficially-porous particles as column-packing material
can enhance the performance of LC separations. These particles consist of a solid, non-
porous silica core on which a shell of porous material is fused. The latter has similar
properties to those of the fully-porous materials that are conventionally used in LC.
The morphology of these core/shell particles allows higher efficiencies by the combined
effect of lower resistance to mass transfer and lower particle size distribution while the
somewhat higher permeability of these beds enables the use of longer columns or smaller
particles on conventional instrumentation [32-35].
Another approach to enhance efficiency, is to increase the pressure limit of the LC
pumps. The introduction of LC instruments capable of pumping at pressures over 1,000
bar enabled the use of sub-2 µm fully-porous particles [36]. In the last decade, the
standard column dimensions evolved from 250 x 4.6 mm packed with 5 µm fully-porous
particles to 50 - 150 x 2.1 mm packed with sub-2 µm fully-porous or superficially-porous
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particles. These columns deliver higher kinetic performance at the cost of the need for
ultra-high pressures [37].
The above-mentioned increase in column permeability is one way to decrease the pres-
sure drop over the column; decreasing the viscosity of the mobile phase is another. As
this viscosity is inversely proportional to the temperature, simply performing LC sepa-
rations at elevated temperatures leads to lower pressure drops over the column. As a
result, longer columns can be used which increases the efficiency without the need for
higher pressures. Also, because of the higher diffusion coefficient of solutes at higher
temperatures, the optimal linear velocity increases which means that the analyses can
be performed in a faster way [38-40]. Possible concerns when using elevated tempera-
tures in LC are the long-term stability of the column-packing material and the potential
selectivity changes which can result from increasing the temperature.
Another way to decrease the viscosity of the mobile phase in LC-like separations on
packed columns, is to work with a supercritical fluid as mobile phase. The supercritical
state is reached when the temperature and pressure are higher than the critical tem-
perature and pressure of the compound. In practice, CO2 is used as it is cheap, inert,
UV-transparent, and it has a relatively low critical temperature and pressure. Super-
critical fluid chromatography (SFC) was first described in 1962 by Klesper as a special
form of GC [41]. Over the years, SFC has undergone a somewhat unstable history
with moments of high scientific activity alternated with periods of limited interest. The
technique was first developed with open-tubular GC-like columns but nowadays, SFC
separations are, in the vast majority of cases, performed on the same packed columns as
used in LC. SFC can thus be seen as a special form of LC where a significant amount of
the mobile phase consists of CO2. The use of supercritical fluids results in low-viscosity
mobile phases with high diffusivity. Therefore, many theoretical advantages over LC
have been attributed to SFC. Despite these advantages, SFC has never been considered
to be as important as LC or GC because the technique still suffers from theoretical
and practical difficulties inherent to working with compressible mobile phases. However,
there has been a renewed interest in SFC over the past years because of the ever increas-
ing need for green alternatives for separations in which high amounts of organic solvents
are used. The use of CO2 in the mobile phase not only results in a greener ad cheaper
alternative for HPLC, it also delivers a faster separation technique. However, the only
real applications of SFC still lie in the field of preparative and chiral separations.
4
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2. Scope
The scope of this thesis was to deliver a contribution to the critical evaluation of the
true possibilities of supercritical fluid chromatography and potential merits of SFC over
HPLC. This is achieved by developing strategies to increase the speed of method devel-
opment for SFC separations by modeling the parameters that determine the resolution
of the separations.
In Chapter II, an introduction is delivered on the use of supercritical fluids in chromato-
graphic separations. The following two chapters deliver an overview of the basic aspects
on resolution optimization in chromatography and how this is implemented in SFC. As
a final introducing chapter, the most relevant practical aspects about SFC hardware are
discussed.
In the first research component of this work, different approaches to construct kinetic
plots for SFC separations are evaluated. Construction of correct kinetic plots allows the
evaluation of the maximal reachable efficiency of SFC separations on different columns or
systems. The efficiency that can be reached using SFC separations on different columns
is in this way compared with the reachable efficiencies in HPLC. This is subsequently
illustrated in Chapter VII where the kinetic plots are used to predict the kinetic per-
formance limits of SFC separations using 1 µm and 0.5 µm fully-porous particles. The
isopycnic kinetic-plot method is evaluated for the first time as tool for guiding future
column- and instrumental design.
In the second research section of this work, prediction algorithms are developed to fa-
cilitate selectivity optimization for SFC separations. A quantitative structure-retention
relation (QSRR) algorithm to expedite stationary-phase selection is developed and eval-
uated. Thereafter, the selectivity of SFC separations is modeled by the implementation
of stationary-phase optimized selectivity procedure in SFC separations. Different mea-
suring approaches are evaluated and the isopycnic approach showed to be accurate in
predicting the separation on all possible stationary-phase combinations. The potential
of using this approach for increasing the production rate of (semi-) preparative SFC




[1] H.A. Claessens, TrAC Trends Anal. Chem. 20 (2001) 563.
[2] M. Euerby, P. Petersson, J. Chromatogr. A 994 (2003) 13.
[3] P. Jandera, S. Buncekova, M. Halama, K. Novotna, M. Nepras, J. Chromatogr. A
1059 (2004) 61.
[4] U.D. Neue, B.A. Alden, T.H. Walter, J. Chromatogr. A 849 (1999) 101.
[5] E. Van Gyseghem, M. Jimidar, R. Sneyers, D. Redlich, E. Verhoeven, D.L. Massart,
Y. Vander Heyden, J. Chromatogr. A 1074 (2005) 117.
[6] E. Van Gyseghem, M. Jimidar, R. Sneyers, M. De Smet, E. Verhoeven, Y.V. Vander
Heyden, J. Pharm. Biomed. Anal. 41 (2006) 751.
[7] Y. Zhang, P.W. Carr, J. Chromatogr. A 1216 (2009) 6685.
[8] J.W. Dolan, A. Maule, D. Bingley, L. Wrisley, C.C. Chan, M. Angod, C. Lunte, R.
Krisko, J.M. Winston, B.A. Homeier, D.V. McCalley, L.R. Snyder, J. Chromatogr.
A 1057 (2004) 59.
[9] J.J. Gilroy, J.W. Dolan, P.W. Carr, L.R. Snyder, J. Chromatogr. A 1026 (2004) 77.
[10] D.H. Marchand, K. Croes, J.W. Dolan, L.R. Snyder, J. Chromatogr. A 1062 (2005)
57.
[11] D.H. Marchand, K. Croes, J.W. Dolan, L.R. Snyder, R.A. Henry, K.M.R. Kallury,
S. Waite, P.W. Carr, J. Chromatogr. A 1062 (2005) 65.
[12] L.R. Snyder, A. Maule, A. Heebsh, R. Cuellar, S. Paulson, J. Carrano, L. Wrisley,
C.C. Chan, N. Pearson, J.W. Dolan, J.J. Gilroy, J. Chromatogr. A 1057 (2004) 49.
[13] L.R. Snyder, J.W. Dolan, P.W. Carr, J. Chromatogr. A 1060 (2004) 77.
[14] N.S. Wilson, J. Gilroy, J.W. Dolan, L.R. Snyder, J. Chromatogr. A 1026 (2004) 91.
[15] C. West, E. Lesellier, J. Chromatogr. A 1191 (2008) 21.
[16] J.W. Dolan, L.R. Snyder, T. Blanc, L. Van Heukelem, J. Chromatogr. A 897 (2000)
37.
[17] J.W. Dolan, J. Chromatogr. A 965 (2002) 195.
[18] J.L. Glajch, J.J. Kirkland, L.R. Snyder, J. Chromatogr. 238 (1982) 269.
[19] L.R. Snyder, J.L. Glajch, J.J. Kirkland, J. Chromatogr. 218 (1981) 299.
[20] L.R. Snyder, J.W. Dolan, Chemia Analityczna 43 (1998) 495.
[21] L.R. Snyder, J.W. Dolan, Adv. Chromatogr., Vol 38 38 (1998) 115.
[22] L.R. Snyder, J.W. Dolan, J. Chromatogr. A 1302 (2013) 45.
[23] K. Valko, L.R. Snyder, J.L. Glajch, J. Chromatogr. A 656 (1993) 501.
[24] G. Desmet, D. Clicq, P. Gzil, Anal. Chem. 77 (2005) 4058.
[25] M. Motokawa, H. Kobayashi, N. Ishizuka, H. Minakuchi, K. Nakanishi, H. Jinnai,
K. Hosoya, T. Ikegami, N. Tanaka, J. Chromatogr. A 961 (2002) 53.
[26] K. Miyamoto, T. Hara, H. Kobayashi, H. Morisaka, D. Tokuda, K. Horie, K. Koduki,
S. Makino, O. Nunez, C. Yang, T. Kawabe, T. Ikegami, H. Takubo, Y. Ishihama,
N. Tanaka, Anal. Chem. 80 (2008) 8741.
[27] S. Hjerten, J.L. Liao, R. Zhang, J. Chromatogr. A 473 (1989) 273.
[28] Q.C. Wang, F. Svec, J.M.J. Frechet, Anal. Chem. 65 (1993) 2243.
[29] F. Svec, J.M.J. Frechet, Anal. Chem. 64 (1992) 820.
[30] Q.Z. Luo, Y.F. Shen, K.K. Hixson, R. Zhao, F. Yang, R.J. Moore, H.M. Mottaz,
R.D. Smith, Anal. Chem. 77 (2005) 5028.
[31] H. Minakuchi, K. Nakanishi, N. Soga, N. Ishizuka, N. Tanaka, Anal. Chem. 68
(1996) 3498.
[32] X.L. Wang, W.E. Barber, P.W. Carr, J. Chromatogr. A 1107 (2006) 139.
[33] J.M. Cunliffe, T.D. Maloney, J. Sep. Sci. 30 (2007) 3104.
6
General Introduction and Scope
[34] D. Cabooter, F. Lestremau, F. Lynen, P. Sandra, G. Desmet, J. Chromatogr. A
1212 (2008) 23.
[35] S. Fekete, D. Guillarme, M.W. Dong, Lc Gc Europe 27 (2014) 312.
[36] A. de Villiers, F. Lestremau, R. Szucs, S. Gelebart, F. David, P. Sandra, J. Chro-
matogr. A 1127 (2006) 60.
[37] L. Novakova, L. Matysova, P. Solich, Talanta 68 (2006) 908.
[38] B. Ooms, Lc Gc 14 (1996) 306.
[39] D. Guillarme, S. Heinisch, J.L. Rocca, J. Chromatogr. A 1052 (2004) 39.
[40] S. Heinisch, J.L. Rocca, J. Chromatogr. A 1216 (2009) 642.




The Emergence of Packed-Column
Supercritical Fluid Chromatography as an
Alternative for HPLC
In this chapter, an overview is given of the main aspects of packed-column supercritical
fluid chromatography (pSFC), relevant to the framework of this thesis. By doing this,
it is attempted to deliver a clear introduction on the contemporary status of pSFC in
relation to high-performance liquid chromatography (HPLC). The definition and physical
properties of supercritical fluids are discussed in the first part of this chapter, followed
by a brief overview of the use of supercritical fluids in chromatography since the first
description of the technique. In the last part, an overview of current state-of-the-art




The physical properties of supercritical fluids offer a great potential when used as mobile
phase in chromatographic separations. However, these same properties introduce some
important practical and theoretical challenges which explain the turbulent history of
supercritical fluid chromatography (SFC). Nowadays, the main applications of SFC are
situated in the field of chiral separations and preparative chromatography. However,
there is a renewed tendency to apply SFC for analytical achiral separations which can
deliver a better alternative for HPLC separations. In this chapter the evolution of the
use of supercritical fluids in chromatography and the situation of SFC in respect to GC
and HPLC is discussed.
2. Definition of supercritical fluids
A compound is in its supercritical state when it experiences a pressure above its critical
pressure pc and a temperature above its critical temperature Tc. These values define
the critical point which is the end of the gas-liquid equilibrium line in the p-T phase
diagram of the compound as is depicted for CO2 in Figure II.1. Beyond this critical
point, supercriticality is reached and no distinction can be made between gas or liquid.
This means that at pressures higher than the critical pressure, raising the temperature
will not induce a liquid-vapor phase transition. Note that the dotted lines in Figure II.1
are no phase-transition lines and that in no way an equilibrium between a supercritical
fluid and a gas or a liquid can occur.
3. Physico-chemical properties of supercritical fluids
The reasons why the use of supercritical fluids in chromatography is very interesting but
at the same time delivers some important practical difficulties, arise from the anomalous
physical properties of supercritical fluids compared to liquids or gasses. As can be seen
form Table II.1, the density of supercritical fluids is typically lower than that of the liquids
used in LC and higher than that of the gasses used in GC. This density determines
the most relevant physical properties of mobile-phase fluids i.e. diffusivity, viscosity,
isothermal compressibility, and solvating power.
Diffusion plays an important role in chromatography as it strongly influences the peak
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Figure II.1: Pressure-temperature phase diagram of CO2.
Table II.1: Relevant physical properties of gasses, liquids, and supercritical fluids.
ρ: density; Dmol: molecular diffusion coefficient; and η: dynamic viscosity.
ρ (gcm−3) Dmol (cm2 s−1) η (gcm−1 s−1)
Gas 10−3 10−1 10−4
Supercritical fluid 10−1 - 1 10−4 - 10−3 10−4 - 10−3
Liquid 1 10−5 10−2
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broadening in the column. In general, the process of diffusion takes place when molecules
in a medium experience a difference in chemical potential. As this chemical potential
depends on the concentration, diffusion takes place when a concentration gradient is
present in the fluid. This gradient induces a net diffusive flux of molecules from the
place of high concentration to the place of low concentration. Fick‘s first law describes





Here c(x) is the concentration as a function of the position x and Dmol is the diffusion
coefficient of the molecules in the medium. The diffusion coefficient is dependent on
the properties of the molecules like molecular size and on the properties of the fluid in
which the molecules are moving. Giddings et al. [1] showed that the Dmol of compounds





Typical diffusion coefficients of analytes dissolved in supercritical fluids are compared
with those in gasses and liquids in Table II.1.1 Working with highly diffusive mobile
phases, allows for faster separations of the same quality compared with separations that
use lower diffusive mobile phases. This is seen in GC when working with lighter carrier
gasses or in LC when working at elevated temperatures. In the same fashion, the use
of more diffusive supercritical CO2 in replacement of the mostly used liquid solvents in
LC, theoretically results in faster separations on the same column without the loss of
resolving power.
Supercritical fluids are characterized by low viscosities (see Table II.1) compared to
liquids. The low viscosity of carbon dioxide permits the operation of the packed columns
at high mobile-phase velocities with low or moderate inlet pressures, permitting the
achievement of highly efficient and fast separations. Like the diffusivity, the viscosity is
dependent on the density of the SFC mobile phase as can be seen in Figure II.2 which
proves that irrespective of the applied pressure and temperature, the viscosity depends
essentially of density only.
1The diffusion coefficients displayed in Table II.1 relate to small organic molecules like those who
are used in the experiments described in this Thesis.
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Figure II.2: The viscosity of CO2 at different densities. The iso-density points were obtained
by continuously varying the pressure and the temperature within the intervals of 74 to 300 bar
and 280 to 347 K, respectively. Reprinted from [2].
The high diffusivities and low viscosities of supercritical fluids are clear advantages over
liquids when the use as mobile-phase component is concerned. This is especially the
case for low-density supercritical fluids which can be seen as gas-like fluids. However,
compared to the gasses typically used in GC, these supercritical fluids have a significant
solvating power which is also dependent on the density of the fluid. This means that
the use of gas-like fluids in the mobile phase, brings the advantage of selectivity tuning
via the density and composition of this mobile phase.
The above described features of supercritical fluids in packed-column chromatography
explain why the use of these fluids in chromatography should be favorable over the use
of liquids. Despite this fact, supercritical fluid chromatography is still not the major
chromatographic technique that it was once believed to be and is only applied in niche
applications. The reason for this discrepancy lies in the fact that supercritical fluids
are characterized by high compressibilities. This isothermal compressibility κT is an
important characteristic when working with supercritical fluids in a chromatographic

















This compressibility is particularly large for supercritical fluids around the critical point.
This can be easily concluded from Figure II.3 where the phase diagram of CO2 is depicted
as pressure p versus density ρ.
The compressibility is very low for liquids which means that increasing the pressure on
a liquid does not induce a significant increase of the density. However, this variation of
the density with the pressure is very high for supercritical fluids at conditions around the
critical point and even is infinite at the critical point itself. This implies a fundamental
impact on separations performed with these mobile phases as the solubility in these
phases and thus the retention factors of compounds are dependent of the mobile-phase
density. Along with the compressibility, also other thermodynamic properties like heat
capacity and transport properties like diffusivity and viscosity show anomalous values
around the critical point [3-5]. For those reasons, working too close to the critical point
should be avoided.
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4. The use of supercritical fluids as extraction solvent and as mo-
bile phase in chromatography
Supercritical fluids possess unique characteristics positioning them between liquids and
gasses. These characteristics offer significant benefits for their use as extraction sol-
vent and in chromatographic applications. The former brings the advantage of reduced
solvent use, reduced extraction time, greater selectivity, lower cost per extraction, and
quantitative yields [6]. However, although supercritical fluid extraction clearly offers
many benefits, the reader is referred to dedicated literature on this issue as this appli-
cation of supercritical fluids will not be used in this work.
As will be discussed more in detail further in Chapter III, one of the great benefits of using
supercritical fluids in chromatography is that theoretically and under ideal conditions,
GC-like efficiencies can be combined with LC-like selectivities in one single technique.
Today CO2 is essentially the only used fluid that can be brought to supercritical con-
ditions which is used as the main compound of the mobile phase. Table II.2 lists the
critical properties of various fluids: the low critical temperature (Tc = 30.8 ) and
pressure (pc= 73.8 atm) of CO2 compared to those of other compounds allow the use
of a relatively mild column temperature and system pressure. Also, the fact that CO2 is
cheap, non-toxic, non-flammable, and can be considered green, are important reasons
to explain the exclusive use of CO2 in SFC.
In this respect, low density CO2 as mobile phase can be used for separations on open
tubular capillaries on GC-like instruments. However, when modifiers are added to the
CO2 and the density of the mobile phases increases, the use of open tubular columns
becomes less favorable in SFC. Just like it is the case for LC, the lower diffusion coef-
ficients of the analytes in such high density fluids, would require very narrow capillaries
which favors the use of packed columns for such separations. In the early years, SFC
was developed as a special form of GC for the separation of large molecules with low
volatility. However, as the analysis of more polar compounds, as used in the pharma-
ceutical industry requires the addition of modifier solvent to the mobile phase, more
LC-like SFC separations were developed on packed columns since the late eighties. In
the next sections, an overview of the turbulent history of SFC is delivered after which




Table II.2: Critical temperature (Tc) and pressure (pc) of various fluids.
Solvent Tc () pc (atm)
Carbon dioxide (CO2) 30.8 73.8
Ammonia (NH3) 132.4 112.5
Nitrous oxide (N2O) 36.5 71.7
Water (H20) 373.95 220.64
Methane (CH4) −82.7 46.0
Ethane (C2H6) 32.2 48.7
Propane (C3H8) 96.7 42.5
Ethanol (C2H5OH) 239.5 80.9
Methanol (CH3OH) 240.8 61.4
Acetone (C3H6O) 235.0 47.0
5. SFC over the years
The first SFC separation was described in 1962 by Klesper et al. who separated thermo-
labile porphyrin derivates using supercritical chlorofluoromethanes at temperatures be-
tween 150  and 170  and at pressures up to 100 bar [7]. This work was performed
on a GC-like instrument using open-tubular capillary columns. At that time, there was
especially a need for techniques which could separate compounds lacking volatility or
which are too thermo-labile to be analyzed by GC. The work of Klesper et al. suggested
that SFC could be such a technique and subsequent work on this matter was performed
in the following years [8-14]. In these studies, the combination of pure CO2 and open
tubular columns was used on GC-like SFC instrumentation. However, in the 70‘s, the
evolution of SFC was blocked by the explosive development of HPLC.
It was not until the early 80‘s that a first real growth of SFC took place when Hewlet
Packard introduced an SFC instrument for packed-column SFC based on their HPLC
systems. Packed-column SFC (pSFC) using mixtures of CO2 and organic modifier for
the mobile phase and an independent control of pressure and flow rate was introduced
as a faster alternative for HPLC [15,16]. At the same time, capillary SFC (cSFC)
on GC-like instrumentation using pure CO2 and open-tubular capillary columns, was
also still practiced [17-19]. This resulted in vivid discussions over which form of SFC
was preferable and the majority of SFC-chromatographers believed that capillary SFC
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had more potential than packed column SFC. However, the application range of cSFC
turned out to be rather limited as the solvating power of pure CO2 was found to be
insufficient to resolve moderately polar to polar compounds. This implies that cSFC
was not suitable for applications in the pharmaceutical industry. In addition, only low
efficiencies an reproducibilities could be achieved and a lot of cSFC scientists abandoned
the field [20].
In the following period, only packed column SFC could prevent the total disappearance
of SFC. Some important improvements were introduced in pSFC instrumentation that
increased the mobile-phase composition gradient reproducibility and accuracy. This led
to an increase in applications of pSFC and especially the possibility to separate mod-
erately polar to polar pharmaceuticals allowed pSFC to replace most normal phase LC
(NPLC) separations and to gain some benefits over HPLC in high-throughput screening
[20-26].
Despite this fact, it was clear in the beginning of the current decade that SFC had
yet to overcome some very important problems in order to become more than a niche
technique [27]. One of them being the serious lack of fundamental studies on the
behavior of supercritical fluids in chromatographic environments. Another problem was
the low performance of SFC instrumentation compared to that of state-of-the-art HPLC
instrumentation. The back-pressure regulators generated a lot of mechanical noise in
SFC-UV-VIS and CO2 pumping robustness in gradient analyses was low. This made
Sandra et al. to introduce packed-column SFC separations with fixed restrictors for
passive back pressure control in combination with a fixed CO2 flow rate [28,29].
However, this approach did not gain any following as major instrument companies were
able to introduce some important instrumental improvements in the last five years. In ad-
dition, some significant fundamental studies about the properties of compressible mobile
phases in chromatographic systems have been published and a lot of misunderstandings
about the theoretical possibilities of SFC were clarified.
6. Contemporary pSFC conditions and stationary phases
In the previous section, it is shown that the mobile-phase compositions, stationary
phases, and column dimensions that have typically been used in SFC have changed
over the past 50 years. In the following paragraphs, the chromatographic conditions
that are typically used nowadays in supercritical fluid chromatography are described
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followed by the most important applications of SFC in industry.
Because of the low solubility of polar compounds in pure CO2, contemporary SFC
separations are always performed using a binary or even ternary mobile phase consisting
of an organic modifier mixed with CO2. This modifier increases the polarity of the
mobile phase and hence also the solubility of polar compounds therein. In addition,
they often deactivate active sites on the surface of the column packing material and
change the mobile-phase density [30,31]. Mostly, lower alcohols like methanol, ethanol,
or isopropanol are used for this purpose. Furthermore, it can be necessary to add an
acid, base, salt, or even water to the modifier in order to enhance the elution of acidic or
basic compounds. These additives further increase the polarity of the mobile phase and
enhance the peak shape of the acidic or basic compounds [20,32-36]. Typical modifier
amounts in the mobile phase are between 2 % and 50 %. This amount of modifier in
the mobile phase is usually altered during the analysis by programming a mobile-phase
gradient which mostly covers a gradient span of 20 %. This is lower than the gradient
span which is typically used in HPLC (50 %).
Although the mobile-phase composition is the most important parameter to tune reten-
tion in SFC [30], the compressible character of CO2-containing mobile phases enables
also tuning of retention and selectivity via the selection of the pressure and the temper-
ature in the system. However, these parameters are usually set at arbitrary values of 150
bar and 40  and are only changed for further fine-tuning of the selectivity [31]. The
combination of relatively high modifier amounts at the end of the gradient and the low
column temperatures, indicates that contemporary SFC separations are all performed
with mobile phases that might be supercritical in the beginning of the analysis, but are
definitely not in the supercritical state at the end of it.
Next to the mobile-phase composition, the system pressure, and column temperature,
also the mobile-phase flow rate has an influence on the performance of the separation.
The optimum flow rates that result from working with small particles and relatively
high-diffusive mobile phases are higher than the maximal flow rates that can typically
be reached by many contemporary instruments. This means that the selection of the
working flow rate is rather straightforward as it is best to work at the highest possible
flow rate without exceeding the pressure limit of the instrument.
SFC separations can be performed using both polar and apolar stationary phases with
the same mobile phase [37,38]. This means that literally all HPLC stationary phases,
including chiral phases, can be used in pSFC and that all types of HPLC separations
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(from NPLC to RPLC) can be replaced by pSFC. The only requirement is that the
analytes are soluble in the CO2-rich mobile phase. Next to all regular HPLC stationary
phases, numerous dedicated SFC stationary phases were developed over the years in
order to deliver a different selectivity compared to the HPLC stationary phases and
to reduce the need for additives in the mobile phase. Nevertheless, most of these
dedicated phases do not deliver a real advantage over existing HPLC stationary phases
and only ethyl pyridine shows a different selectivity compared to the non-dedicated
phases according to some authors [39].
Next to the stationary-phase chemistry which influences the selectivity, the column
dimensions play an important role in the search for high-performance SFC separations
as they determine the efficiency of the separation. In addition, an issue in modern SFC
is the greenness of the technique compared to LC. SFC has always been considered to
be the greener equivalent of HPLC and it was almost only for that reason that SFC
gained a renewed interest in 2010. However, as analytical HPLC separations on 4.6 mm
internal-diameter columns packed with 5 µm fully-porous particles have increasingly been
replaced by ultra-high pressure LC (UHPLC) separations on narrow 2.1 mm internal-
diameter columns packed with sub-2 µm fully-porous particles, the solvent consumption
in LC has also drastically dropped. In addition, the speed of these UHPLC separations
is much higher than that of the former HPLC separations. In order for SFC to keep the
advantage of speed and/or greenness over UHPLC, the use of small particles also had
to find their way in SFC. However, the contemporary workhorse column for UHPLC (50
x 2.1 mm, 1.7 µm dp) is not suited to be used in SFC because of the relatively high
extra-column volume between injector and detector compared to the volume of those
columns [40]. State-of-the-art SFC instruments have extra-column volumes of around
85 µL which is much lower in UHPLC instrumentation where it is between 2 µL and
20 µL [41]. It is for this reason that UHPLC instruments can be used with short and
narrow columns but the SFC instruments should use columns that have higher internal
volumes (at least 100 mm long and 3 mm of internal diameter). The combination of a
higher column volume with the more diffusive mobile phases, results in much higher flow
rates in SFC compared with UPLC. Consequently, although only an average of 20 %
modifier is typically used in these SFC separations, the total modifier consumption can
be higher than the total mobile phase consumption in the same separation via UHPLC.
This means that SFC is nowadays not per se greener compared to UHPLC.
As mentioned before, the relatively low pressure limits of the SFC systems limits the
performance of contemporary SFC separations. In order to overcome the need for high
19
Chapter II
pressures, superficially porous packing materials have been introduced in LC [42]. The
use of sub-3 µm superficially-porous particles can deliver the same resolving power
compared to sub-2 µm fully-porous particles without the need for high pressures and
also these particles are finding their way to state-of-the-art SFC [43-45].
7. Most important applications of supercritical fluid chromatogra-
phy
Although SFC is not a major chromatographic technique like LC or GC, the inherent ad-
vantages of working with CO2-rich mobile phases have resulted in a significant amount of
applications in both preparative and analytical separations. In the following paragraphs,
the most important applications of SFC in the industry are briefly commented.
7.1. Preparative SFC applications
The fact that the solvent use in analytical SFC is not per se lower than in UHPLC can
be a limiting factor to use SFC in routine industrial environments. For preparative LC
(prepLC) separations, however, the use of broad columns and the need for fast separa-
tions, results in high solvent costs. Furthermore, the energetic cost of the evaporation
process after fraction collection is significant in prepLC. For these reasons, preparative
SFC (prepSFC) is a greener and cheaper alternative for prepLC. The most important
reason for this is that the collected fractions are much smaller in prepSFC due to the
spontaneous evaporation of the CO2 [46]. In addition, the use of smaller particles and
higher flow rates results in higher production rates in prepSFC compared to prepLC [27].
As a result, preparative SFC applications are more varied and more numerous compared
to analytical SFC applications.
PrepSFC separations are used extensively in the pharmaceutical industry for the purifi-
cation of drug molecules. As many active pharmaceutical ingredients (API) are chiral
molecules, and as SFC is a superior technique over HPLC for chiral separations, it is
clear that the most important application of prepSFC lies in the purification of chiral
drug molecules [27,47,48].
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7.2. Analytical SFC applications
As mentioned before, SFC can be performed on both polar and apolar stationary phases
and by proper selection of the modifier and additives, most HPLC separations can be
replaced by pSFC separations. In literature, analytical SFC separations of all kinds
of compounds have been described going from apolar aromatic hydrocarbons to ionic
compounds. However, in an industrial environment, the choice between HPLC and SFC
is always made from an economic point of view. Thus, only if the SFC separation is
faster, better, and/or greener, it will be preferred over the HPLC separation. Because
of the low viscosity and high diffusivity of SFC mobile phases, SFC separations are
theoretically faster than the same separations in HPLC. However, state-of-the-art UPLC
separations on narrow columns deliver fast resolution with low solvent consumption.
Consequently, performing the same separations using the state-of-the-art columns used
in SFC, does not always result in a greener or faster solution. For this reason, SFC
has still not become more than a niche technique with most important applications in
pharmaceutical industry for the separation of enantiomeric drug molecules [47,48]. Next
to this, pSFC is also used for achiral separations in pharmaceutical industry [49-51] and
in specialty-chemicals industry for the separation of oligomers, polymers, and polymer
additives [52]. Also, it is used in a smaller content in analysis of food [53], natural
products [54,55], fossil fuels [56], and bioactive compounds [57].
8. Nomenclature issues
Next to the inherent compressibility of supercritical mobile phases, the misunderstand-
ings that have been created concerning the nomenclature of supercritical fluid chro-
matography have hampered the real breakthrough of SFC as a major chromatographic
technique. Analogous with LC and GC where the mobile phases are respectively in the
liquid and in the gas phase, the mobile phase in SFC is by definition a true supercrit-
ical fluid. This means that the column temperature and the system pressure should
be higher than the critical temperature and critical pressure of the mobile phase at all
times during the analysis. In practice, column temperatures between 30  and 60 
are most commonly used in SFC while the system pressure is controlled by an active
back-pressure regulator that is set at a value between 100 and 150 bar. Under these
conditions, it is correct to define separations using pure CO2 for the mobile phase as
Supercritical Fluid Chromatographic or SFC separations. However, the mobile phase
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of almost every SFC separation performed in genuine applications, is a binary or even
ternary mixture composed of CO2, a significant fraction of organic solvents, additives,
and/or even water. However, determination of the critical pressure and temperature
of solvent mixtures is significantly more difficult compared to the measurement of the
parameters of pure compounds and thus, in practice, most SFC chromatographers do
not know the critical properties of the mobile phase they work with [4]. In fact, as
the critical temperature of popular modifiers as methanol and ethanol is fairly high (see
Table II.2), most contemporary SFC separations use mobile phases which are not (or
certainly not during the entire time of the separation) truly supercritical fluids. Nev-
ertheless, the term supercritical fluid chromatography or SFC is so embedded in the
chromatographic nomenclature today that the debate is ongoing to preserve the term
even though it is erroneous in the vast majority of applications. In this thesis, the choice
is made to label these separations as SFC separations regardless the composition of the
mobile phase and the working conditions while acknowledging its limitations. When the
used chromatographic conditions are such that a true supercritical fluid is used as mobile
phase, this will be highlighted in this work (as this is the exception and not the rule). In
this respect, it is important to point out that all thermodynamic and transfer properties
of SFC mobile phases are also strongly dependent on the mobile phase composition next
to the pressure and temperature. This means that it is difficult to postulate advantages
of SFC over LC as SFC can be used to describe a broad spectrum of separations with
great differences in mobile-phase viscosities and diffusivities.
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Chapter III
Underlying Basic Principles of Resolution and
Speed in Chromatographic Theory
In this chapter, a theoretical background is delivered on the most important aspects of
chromatography necessary for a good understanding of the theoretical SFC work de-
scribed further on. The resolution-determining parameters are theoretically defined and
background information on some important aspects concerning packed-column perme-
ability and pressure drop is delivered. In the last part of the chapter, the concept of





In a chromatographic separation, the different compounds of the analyzed mixture, are
separated in time based on the difference of interaction of these compounds with the
mobile and stationary phase. The quality of the separation is measured by the chro-
matographic resolution. The main goal of every chromatographic method-development
procedure is to achieve the desired resolution in an as short as possible time. Before
some more practical aspects hereof are discussed in Chapter V, a theoretical background
on resolution and speed in packed column chromatography is delivered in the following
paragraphs.
2. Resolution as a measure for the quality of the separation
As chromatography is a process where the analytes are distributed between the mobile-
and the stationary phase, a distribution constant KD can be defined as the ratio between
the concentration of the analyte in the stationary phase (cS) and the concentration of










With mS and mM being respectively the quantity of the analyte in the stationary phase
and in the mobile phase, and VM and VS being respectively the volume of the mobile
phase and the volume of the stationary phase in the column. The ratio between these





The ratio between the quantity of the analyte in the stationary phase (mS) and in the





This means that the distribution constant KD can be rewritten as:
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Figure III.1: Example chromatogram with one peak. Defining the peak width at half height
wh, the peak width at the base wb, the time spent in the mobile phase t0, the time spent in
the stationary phase t ′R, and the total time spent in the column tR (retention time).
KD = kβ (III.4)
The capacity factor k can also be defined as the time the component spends in the
stationary phase (t ′R) over the time it spends in the mobile phase (t0) in which case it is








Where tR is the retention time of the solute.
When a linear isotherm controls the equilibrium of the distribution between mobile
and stationary phase, the concentration distribution of a substance along the axis of
the column and therefore also at elution, can best be described as a Gauss function
(normal-distribution curve or bell-shaped curve) as is drawn in Figure III.1. This means
that in the chromatographic process, an inherent peak broadening is present and every
peak in the chromatogram has a certain peak width.










Figure III.2: Presentation of the separation of two compounds. With tr,2 the retention time
of the last eluting peak, tr,1 the retention time of the first eluting peak, wb,2 the peak width at
















The purpose of chromatography is to separate different compounds from each other.
Figure III.2 depicts the situation where two peaks are present in the chromatogram. In
order for two compounds to be separated in a chromatographic system, they should
experience a sufficiently different retention. A measure for this difference in retention








The quality of the separation between two analytes is measured by the resolution Rs.





This graphical equation for resolution can be rewritten in terms of efficiency N, selectivity
α, and retention factor k by the implementation of Equation III.5, Equation III.6, and
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Where the resolution is a measure for the quality of the separation of two peaks, the
capability of the separation is represented by the peak capacity np. This peak capacity
is defined as the maximum number of peaks that can be separated between the first
(or unretained) and last peak of interest with a resolution of one. The peak capacity is







Where tR,f is the retention time of the first eluting peak, tR,l the retention time of the last
eluting peak, and σ is the standard deviation on the retention time. This integral can be










However, the complex relationship between N and t makes it impossible to directly
integrate Equation III.11 and simplifications must be made. When N is treated as
a constant (which is a fair assumption for isocratic elution), the integration can be





















3. Efficiency and permeability in packed-column chromatography
The chromatographic efficiency N is dependent on the column dimensions, mobile-phase
characteristics, temperature, and linear velocity of the mobile phase. This efficiency is







This is a theoretical concept that indicates the length of a column segment in which a
perfect equilibration of a component between mobile and stationary phase takes place.
It is a measure of the band broadening that takes place during the elution process and is
dependent of the linear velocity of the mobile phase. Many models have been presented
to describe this dependency of the plate height with linear velocity. However, the one





Here, u0 is the linear velocity of the mobile phase and A, B, and C are respectively
expressing the Eddy diffusion, longitudinal diffusion, and resistance to mass transfer:
A = 2λ dp (III.15)







With λ is a term dependent of the packing efficiency, dp is the diameter of packing
particles, γ is the obstruction factor of the packed bed, Dmol is the molecular diffusion
coefficient of solute in the mobile phase, Cm is a constant, and k is the retention factor.
Note that the expression of C is valid under the assumption that adsorption/desorption
on the surface of the stationary phase is fast and that the mass-transfer resistance in
the stationary phase is negligible [2].
A plot of the plate height as a function of linear velocity is called a van Deemter curve
which shows a minimum value of plate height Hmin at the optimal linear velocity u0,opt.
Figure III.3 depicts the different terms and the total H as a function of linear velocity.








Consequently, an increase in efficiency can be achieved by selecting a longer column
and/or selecting a column packed with smaller particles.
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Figure III.3: van Deemter curve: contribution of the A-, B-, and C-term to the total plate
height as a function of linear velocity.
In this respect, another important performance criterion next to the plate height, is the
column permeability which determines the pressure drop that will be present when the
mobile phase is percolated through the packed bed with a certain linear velocity u0. The
expression that is used in the field of fluid dynamics to calculate the pressure drop of










Here dp is the diameter of the packing particles, ∆p is the pressure drop over the packed
bed, η is the fluid viscosity, L is the length of the packed bed, us is the superficial
velocity, and εe is the fraction of the total column volume that is not occupied by








With FV is the volumetric flow rate of the fluid, A is the cross sectional surface of the
empty column, Ve is the volume between the particles, and Vc is the total volume of the
empty column.
In chromatography, the pressure drop is better expressed as a function of the chromato-







With εT the total porosity of the column. Knox applied the Kozeny-Carman equation
to chromatographic situations by describing a relationship between u0 and the pressure









The constants in this equation are combined in a dimensionless factor called the chro-







This resistance factor is thus determined by the porosity of the column and together with
the particle diameter, it defines the permeability of the packed bed Kv. The pressure
drop over the column can thus be written in terms of column permeability, mobile-phase
linear velocity, mobile-phase viscosity, and column length.
∆pcol =






It is clear that using long columns and/or small particles requires a high pressure drop
over the packed bed. As all chromatographic systems have limited pressure-delivery
capabilities, the pressure drop over the column is also limited. Hence the column length
L and particle diameter dp can respectively only be increased and decreased up until a
certain limit. In other words, the maximal reachable efficiency is limited by the pressure
limit of the chromatographic system.
4. Kinetic performance of packed-column separations
From the above discussion, it can be concluded that there exist many different possible
solutions for a given chromatographic problem. In this respect, optimizing the efficiency
of a separation equals selecting the chromatographic system (mobile phase, column di-
mensions, packing-particle geometry, instrument, column temperature,. . . ) that yields
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the highest separation efficiency in a given time, or the system that yields a certain effi-
ciency in the shortest possible time (i.e. the best kinetic performance). The classical van
Deemter plot does not deliver a sufficient tool for this task as the general performance
of a chromatographic system is also determined by its pressure-drop characteristics. For
this reason, the comparison of the performance of chromatographic systems with dif-
ferent pressure-drop characteristics is only possible when the van Deemter data and the
Knox equation (Equation III.24) are combined in the construction of kinetic performance
limit (KPL) plots or kinetic plots. The best kinetic performance is always achieved when
the system is operated at its maximum operating pressure ∆pmax. By comparing systems
at this pressure limit, a fair comparison of chromatographic techniques can be performed
and the optimal column length and linear velocity can be selected.
The use of the above mentioned kinetic plots already dates back from 1965 when Gid-
dings introduced a graphical approach to compare the kinetic performance of different
separations in terms of N versus retention time tR [4]. Knox and Saleem [5] and Guio-
chon [6] compared the performance of packed-bed columns with open-tubular columns
using the kinetic plot approach. In 1997, Poppe introduced a method based on iterative
calculations to construct plots of t0/N versus N [7]. Desmet et al. proposed a more
straightforward way to construct experimental kinetic plots [8-10]. They presented sim-
ple mathematical expressions that allow to turn any van Deemter-data set into a kinetic
plot using only the pressure data and without the need for a numerical optimization al-
gorithm. Despite the fact that this method was only applicable for isocratic separations,
it opened the opportunity to a broader use of kinetic-plot comparisons [11,12]. Kinetic
plots under gradient conditions were presented by Wang et al. [13] and Zhang et al.
[14], but these plots were still obtained using iterative calculations. Broeckhoven et al.
[15] extended the kinetic-plot method of Desmet et al. to gradient chromatography
providing a broad framework that covers both isocratic and gradient conditions and a
whole set of data-transformation expressions. This kinetic-plot approach has proven to
be suitable to compare the performance of chromatographic systems with broadly dif-
fering properties. For example, in this way the kinetic performance of LC separations on
open tubular columns, monolithic formats, and on columns packed with various particle
sizes and morphologies at various temperatures can be directly compared [16-26].
The basic equations that allow to establish the kinetic-performance limit of a chromato-
graphic system with a pressure drop limit of ∆psys,max starting from the efficiency (plate
count Nexp or peak capacity np,exp), column dead time (t0,exp) or total analysis time
(tR,exp), column pressure drop (∆pcol,exp) and extra column pressure (∆pec) measured at
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different flow rates (FV) on a fixed column length are given by:
LKPL = λ Lexp (III.25)
t0,KPL = λ t0,exp (III.26)
tR,KPL = λ tR,exp (III.27)












Where ∆pcol,max is the maximum pressure drop that can be applied over the column,
∆pcol,exp is the experimental pressure drop over the column during the measurement,
∆psys,max is the maximum pressure drop that can be applied over the chromatographic
system (from pump to waste or back pressure regulator), ∆psys,exp is the experimental
pressure drop over the chromatographic system during the measurement and ∆pec (FV)
is the extra column pressure as a function of flow rate FV. Figure III.4 displays the
resulting KPL curve when the data-transformation expressions are used to extrapolate
the measured van Deemter data. The zone in Figure III.4 that is situated left of the KPL
curve is the possible working zone. This means that those combinations of efficiency
and time are achievable on the considered chromatographic system. The KPL curve
itself is the boundary of this zone as it combines combinations of effiency and time
that are reachable when the system is used at the maximal pressure. Consequently, all
combinations of efficiency and time that are situated right of the KPL curve are not
reachable as they would require pressures that exceed the maximal system pressure.
This last zone is also refered to as the forbidden zone.
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Figure III.4: Graphical representation of the extrapolation of measured van Deemter data to
the KPL values.
Just like a van Deemter plot, a kinetic plot depends on the selected mobile-phase condi-
tions, as these affect the retention factors and diffusion coefficients experienced by the
analytes. This especially holds for those types of kinetic plots that represent variables
that depend very strongly on the retention factor of the analytes (such as for example
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Chapter IV
Practical Aspects of SFC Hardware and of
State-of-the-Art pSFC instrumentation
In this chapter the most important aspects of contemporary pSFC instrumentation are
listed. The analogies and differences between HPLC instruments and pSFC instruments
are discussed. In the last part of this chapter, an overview of the different latest-
generation pSFC instruments that are available on the market is provided together with




As explained in Chapter II, packed column SFC can be seen as a special form of HPLC
and the same columns can be used in the two techniques provided that the stationary
phase is stable in the used mobile phases. Consequently, SFC and HPLC hardware are
also very similar and basically, the same type of pumps, injectors, column ovens, and
detectors are used in pSFC and HPLC instruments. However, some adjustments or ad-
ditions are inevitable in order to obtain high robustness and sensitivity when performing
separations using a mobile phase that contains CO2. In the next sections, these differ-
ences between SFC and HPLC hardware are highlighted for all the different components
of the instrumentation. In the last part of this chapter, a brief overview of the most
important features of the state-of-the-art SFC instrumentation is presented.
2. Practical aspects of SFC hardware
Basically, a pSFC system can be seen as a modified HPLC system. An HPLC system
consists of a pumping system, an injector, a column oven, and a detector. In order to
be able to perform SFC separations, cooling of the pump heads and a back-pressure
regulating device are added to these components. In addition to this, some minor
adjustments to all other parts are preferable in order to obtain high performance SFC
separations. Figure IV.1 delivers a schematic view on the a typical (U)HPLC and SFC
instrument in order to illustrate the differences between LC and SFC instrumentation.
2.1. Pumping system
The mobile phase in SFC consists of CO2 as main component and in the vast majority
of cases of an organic liquid as modifier. The best way to produce these binary fluids is
to use two independent high-pressure pumps: one designed to pump the liquid modifier,
and the other specifically designed to pump the highly compressible CO2. Most LC
pumps are reciprocating pumps which means that serial pump heads are used to provide
robust fluid delivery ensuring very reproducible flow rates and thus retention. Pumping
CO2 is also mostly performed by this same type of pumps albeit with some adjustments
in order to ensure an accurate flow of the compressible CO2. In this respect, cooling the
pump is an absolute necessity to ensure that the CO2 remains a liquid during pumping.
This chilling offers more precise control of flow and the better the temperature control,
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Figure IV.1: Schematic drawing of a typical SFC instrument (B) compared with a typical
HPLC set up (A).
the more accurate and precise the flow. For this reason, an important step in the design
of contemporary CO2 pumps lies in the determination of the optimal pump temperature.
Theoretically, an HPLC pump with chilled pump heads can already serve as a CO2
pump. However, because of the higher compressibility of CO2 compared to liquids, the
compensation for compressibility in the software needs to be adapted. All reciprocating
pumps use the compressibility factor Z of the pumped fluid to calculate the piston-stroke
speed. With the right Z, a pump can nearly eliminate any flow- or pressure ripple. The
compressibility factor of the CO2 used in SFC is much higher than that of normal liquids
and changes with temperature and pressure. Standard LC pumps modified only with
chilled pump heads, but without extended Z-range, are likely to dramatically under-
compress the fluid. This can result in noisy base lines and irreproducibility of the flow
rate. For this reason, pumps designed specifically for CO2 require extended Z- ranges
and the ability to change Z dynamically during the separation. Careful design of the
latest generation of CO2 pumps has led to instruments that are capable of delivering
varying compositions of mobile phase in an accurate and repeatable fashion.
Next to the accurate pumping of the CO2, also the proper mixing of this fluid with the
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modifier is of high importance. The mixing chamber in the instrument that was used
for the majority of the experiments in this work consists of a stainless steel tube with an
internal volume of several mL which is packed with relatively large stainless steel balls.
The volume of such mixing chambers should be large enough to ensure an accurate
mobile-phase composition, but should, on the other hand, be as small as possible to
reduce the dwell volume of the system. For this reason, state-of-the-art instruments are
equipped with mixers with internal volumes of around 200 to 500 µL.
2.2. Injection system
Analogous with the pumping systems, the same type of injectors are used in pSFC as
in LC. This means that full-loop or partial-loop injections are both commonly used in
contemporary SFC analyses. However, performing partial-loop injections in SFC is more
difficult than in LC because of the expansion of the mobile-phase in the loop when this
loop is depressurized. In order to overcome this problem and to acquire reproducible
partial-loop injections in SFC, a dual-injection valve design (Waters) or a special fill-
and wash procedure on a single valve system (Agilent) can be used.
2.3. Column oven
The design of the column ovens used in SFC is equal to this of column ovens used in
LC. Two main types can be used: forced-air ovens and still-air ovens. In a forced-air
oven, a fan circulates the heated air in the oven while in a still-air oven there is no
such circulation. In contemporary SFC analyses, the use of relatively short columns
and rather high flow rates necessitate the use of a pre-heater. This device adjusts the
mobile-phase temperature before it enters the column.
2.4. Pressure regulation
Next to the cooling of the CO2 pump, a system to control the pressure is the most
important difference between pSFC and an LC systems. By controlling the pressure
downstream of the column outlet, phase separation in the chromatographic system is
avoided. The position where this pressure is controlled depends on the detector that is
applied. Atmospheric-pressure detectors like electrospray or atmospheric-pressure chem-
ical ionization mass spectrometry (MS), evaporative light scattering detector (ELSD),
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and corona-charged aerosol detector (CAD) are, in conventional settings, situated down-
stream of the pressure regulator while the use of a UV-VIS detector requires the back-
pressure regulator to be downstream of the detector.
This back-pressure control can be performed by passive or active regulators or a combi-
nation of the two. Passive back-pressure regulators (BPR), like a simple stainless steel
capillary, are cheap and robust because of the lack of moving parts [1,2]. They also
do not generate mechanical noise when UV-VIS detection is used. These types of back
pressure regulators are not frequently used nowadays for pSFC and were mainly used in
the years when the commercially available active BPRs lacked robustness and generated
too much mechanical noise. The biggest drawback of working with passive pressure
regulators, is the fact that the pressure and the flow rate cannot be controlled in an
independent fashion. This is only possible when active BPRs are used. These devices
are now widely used in contemporary SFC instrumentation and the latest generation of
active BPRs are now capable of controlling the pressure with a high degree of precision
and accuracy without the high mechanical-noise generation that was typical for older
active BPRs.
Despite the fact that pressure control is widely accepted to be necessary in SFC sep-
arations. Sandra et al. showed that this is only the case when UV-VIS detection is
used. Phase separation in the flow cell of such detectors results in excessive noise levels
but it was demonstrated that phase separation in the column does not influence the
chromatographic performance [2]. As a result, when ELSD, CAD, or MS is used as
detector, the use of a pressure control unit is fundamentally not necessary. Although,
this needs further investigation on a broader set of columns and conditions.
2.5. Detection
As a result of the high analogy between HPLC and pSFC, the same detectors can be
used in the two techniques. However, because of the presence of CO2 in the mobile
phases in SFC separations, some small adjustments in the design of the interface and/or
the detectors itself can be necessary in order to obtain high-sensitivity detection. The




The UV-VIS detector (single wavelength or diode-array detectors) should be located
between the column outlet and the back-pressure regulator. The reason for this is that
a phase separation of the mobile phase would result in the presence of gas bubbles
in the detector flow cell and therefore induce an excessive base-line noise. This does
imply, however, that in comparison with the situation in LC, a high-pressure flow cell is
required. When SFC-UV is further compared to HPLC-UV, an important difference is
the limit of detection (LOD) that can be reached. This LOD is higher in SFC compared
to HPLC due to the presence of mechanical noise in the base-line [3]. This noise origins
from the dependency of the refractive index of the SFC mobile phase on the density.
Density variations in the flow cell are caused by pressure fluctuations induced by the
pumping system and by the active back-pressure regulator. On SFC systems that date
back from before 2010, LOD’s of around 10 µg/mL were common. State-of-the-art SFC
systems (as used in this work) are designed in such a way that this LOD drops to the
typical value that can be reached in HPLC (1 µg/mL). However, on UHPLC systems,
LOD’s as low as 0.05 µg/mL can be reached. The latest generation of SFC pumps and
back pressure regulators are designed in such a way that the pressure variations are very
low which results in LOD’s in SFC close to these of UHPLC (0.1 µg/mL). Note that
these LOD levels are only an estimation and depend on the UV-activity of the detected
compounds as well as on the modifier amount in the SFC mobile phase. This latter
is due to the decreased compressibility of the mobile phase with increasing modifier
amount [3].
While the sensitivity of SFC-UV is smaller than that of LC-UV, the coupling of nebulizing
detectors like ELSD, CAD, and MS with SFC should be favored with regard to LC
because of the fluid depressurization which naturally provides a spray at the detector
entrance.
2.5.2. ELSD and CAD
The evaporative light scattering detector (ELSD) is used for the detection of non-volatile
compounds which cannot absorb UV or visible light because of the absence of chro-
mophoric groups. The column effluent is nebulized after which the droplets are heated
in a drift tube. Consequently, volatile molecules like the mobile phase components are
evaporated and the remaining non-volatile molecules enter a light beam at the bottom
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of the drift tube and by the scattering of this light, a response is provided. Compar-
ative studies between pSFC-ELSD and HPLC-ELSD show that the type of response is
the same but this response is greatly improved in CO2-rich mobile phases compared to
the liquid mobile phases used in LC because of the improved nebulization [4,5]. The
response in pSFC-ELSD varies with the nature and amount of modifier, and with the
mobile-phase flow rate. The use of small proportions of methanol and low flow rate are
found to dramatically improve sensitivity. In this regard, a post-column split of the flow
did prove to be beneficial for signal and efficiency in SFC-ELSD.
The response of the corona charged aerosol detector (CAD) in combination with pSFC
also depends on the modifier percentage in the mobile phase. This implies that in case
of gradient elution, a flow compensation by the means of a negative gradient of the
solvent as make-up flow can be necessary [6].
2.5.3. Mass spectrometry
Analogous with the use of MS in combination with LC, mass spectrometry (MS) is used
for high sensitivity detection in SFC separations [7,8-10]. In principle, the mobile-phase
flow can directly be introduced in the MS interface. However, a make-up flow or a split
of the flow prior to entering the MS can be preferential. This latter does usually result in
higher efficiencies at the cost of higher limits of detection. This necessity along with the
choice of the ion source (atmospheric pressure chemical ionization APCI or electrospray
ionization ESI) is dependent on the analyte properties (like is the case in HPLC-MS).
3. State-of-the-art SFC instrumentation overviewed
The renewed interest in SFC that has been noticed since 2010 was initiated by the
instrumental innovations that were introduced by several vendors in that year. Before
2010, the best SFC instruments on the marked suffered from low accuracy, precision, and
reproducibility of retention times and peak areas, high UV-VIS noise levels, and a high
amount of technical malfunctions. In order for SFC to establish a broader application
window, there was a need for SFC instrumentation that could deliver performances
close to those of state-of-the-art (U)HPLC instrumentation. A first step in this progress
was made in 2010 when two important vendors re-entered the marked with dedicated
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Figure IV.2: Photographs of the current state-of-the-art SFC instruments. (A): Jasco 2800
Analytical SFC System. (B): Agilent Infinity Hybrid SFC/UHPLC. (C): Waters ACQUITY Ultra
Performance Convergence Chromatograph (UPC2).
The first one was the Jasco 2800 Analytical SFC System which had a back-pressure
regulator that allowed acceptable detection limits for SFC separations with UV-VIS
detection. In the same year, Agilent and Aurora released a module that could upgrade
any Agilent 1100 or 1200 LC system to an SFC system. The performance of these SFC
systems is of course partially determined by the performance of the LC system to which
the module is coupled. Nevertheless, the Aurora SFC module, which contained the
CO2 delivery part and the back-pressure regulator part, was designed in such way that
UV-VIS noise was brought down to a level that allowed trace analyses (noise lower than
0.05 mAU). In 2012 Agilent fused with Aurora and introduced the 1260 Infinity Hybrid
SFC/UHPLC system that uses a 10 port valve to switch between the SFC and HPLC
mode with short equilibration times. Also in 2012, Waters re-entered the SFC marked
with a fully dedicated SFC instrument based on their AQUITY UPLC systems. Because
Waters and Agilent both put a lot of effort in reducing the extra-column volume and
dwell volume, they both outperform the Jasco system when it comes down to working
with narrow columns packed with sub-2 micron particles. In addition, they managed
to deliver SFC instruments that are to be operated like a regular LC system and are
therefore also more practical to use.
Below, a short description of the Jasco, the Agilent and the Waters state-of-the-art
systems is provided. The reason why the Jasco system is relevant to discuss is because
the majority of the SFC measurements in this work are performed on this instrument.
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3.1. Jasco 2800 Analytical SFC System
At the time Jasco introduced their new SFC system on the market it was considered
revolutionary because their back-pressure-regulator design allowed, for the first time, a
UV-VIS background noise of 0.2 mAU. This is much better than what was possible on
former SFC instrumentation and is getting close to the noise levels in HPLC. However,
other important features like CO2-pumping accuracy an robustness, external-column
volume, and dwell volume are not developed to their optimum. Also the fact that the
column oven is not equipped with a pre-heater and that the CO2-pump pressure limit
is only 300 bar, are limiting the use of this system for separations on narrow columns
packed with sub-2 µm particles. This means that this system was outdated relatively
fast after its introduction on the market.
3.2. Agilent Infinity Hybrid SFC/UHPLC
This system is a combination of the Aurora SFC Fusion A5 module (now called 1260
Infinity SFC Control Module) and a 1260 Infinity LC System equipped with a high-
pressure flow cell. A two position 10-port valve allows switching between the UHPLC
and SFC mode. Further innovative design resulted in low extra-column volume and
dwell volume (85 µL and 700 µL, respectively). The UV-VIS baseline noise is the lowest
of any SFC system on the market (< 0.05 mAU) due to the careful design of the active
back pressure regulator and cooling of the CO2 pump [3]. In addition, the system uses
a still-air oven with active pre-heater which is crucial for working with the state-of-
the-art analytical columns. An important advantage over the other instruments is the
pump-pressure and flow-rate limit (600 bar and 5 mL/min, respectively).
3.3. Waters ACQUITY Ultra Performance Convergence Chromatograph (UPC2)
In contrast to the hybrid system of Agilent, Waters presented a holistic design for
their ACQUITY UPC2 instrument. This results in an instrument that is exclusively
developed for SFC separations on columns packed with sub-2 micron particles. It delivers
comparable extra-column and dwell volume compared to the Agilent (85 µL and 440
µL, respectively). In addition, the pumping mechanism and back-pressure regulator
are designed so that the accuracy and reproducibility of the retention times and peak
areas are on the same level as in state-of-the-art (U)HPLC. The relatively low maximal
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pressure limit of the pump is a drawback (413 bar at 3.25 mL/min) and also the flow-
rate limit is lower than that of the Agilent system (maximum flow rate: 4 mL/min at
293 bar). The UV-VIS noise levels that are reached are close to the ones reached on
the Agilent Infinity Hybrid system (0.08 mAU).
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Approaches for Resolution Optimization in
SFC
In this chapter, the chromatographic parameters that influence the resolution and how
they can be tuned in order to optimize this resolution, are discussed. The first part of
this chapter deals with the optimization of the efficiency and the kinetic performance
of SFC separations. The different aspects of retention and selectivity optimization are




Resolution optimization of a chromatographic separation is the process where the values
of the different parameters are carefully selected in order to achieve the desired resolution
in the shortest possible analysis time. As was explained in Chapter III, this resolution
(Rs) is dependent on column efficiency N, selectivity α, and retention factor k. This
means that optimizing the resolution requires separately optimizing these three param-
eters. In order to expedite these optimizing procedures, several prediction tools have
been developed over the years. These models use measured data from preliminary ex-
periments to predict the influence of the chromatographic parameters like mobile-phase
linear velocity, column length, packing-particle diameter and geometry, stationary-phase
chemistry, mobile-phase composition, column temperature, and system pressure on the
efficiency, selectivity, and solute retention. In this chapter, the influence of the differ-
ent chromatographic parameters on efficiency, speed, retention, and selectivity for SFC
separations is discussed. Hereafter, an overview of the status of the use of prediction
models for resolution optimization in pSFC is provided.
2. Influence of the pressure drop on performance in pSFC
From the theoretical description of efficiency in Chapter III, it is clear that higher effi-
ciencies can be reached by increasing the column length and/or decreasing the packing-
particle size. Despite the fact that the use of longer columns and smaller particles
in SFC does not result in ultra-high pressure drops over the columns, the coupling of
columns in pSFC in order to achieve high efficiencies was long seen as impossible by
many chromatographers. This resulted from the fact that several researchers reported
severe efficiency losses when pSFC separations were carried out at pressure drops over 20
bar [1-3]. These efficiency losses were believed to be present whenever a ‘high’ pressure
drop was applied in pSFC as it induces a density gradient over the column which in its
turn results in a retention gradient along the column. Figure V.1 illustrates the loss
of efficiency at those higher pressure drops as reported by Janssen et al. [3]. Several
authors proposed theoretical models to predict the effect of pressure drop on retention
and efficiency in an isothermal column [3-5]. It was also postulated at that time that
the practical pressure-drop limit in SFC was only 25 bar which implies a maximal column
length of 250 mm [1] and a minimal particle diameter of 5 µm [5]. As a result, the max-
imal achievable efficiency was believed to be only 25,000 plates. However, some other
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Figure V.1: Influence of the column pressure drop on the asymmetry of the peak of biphenyl
separated on an ODS column (150 x 4.6 mm, 5 µm dp) with pure CO2 as mobile phase.
Temperature = 50 , pinlet = 110 bar. Reprinted from [3].
studies proved that a high pressure drop alone is not the sole reason for efficiency losses
in pSFC. Gere et al. [6] and Berger and Deye [7,8] showed that excellent efficiencies can
still be obtained even under significant pressure drops provided that the outlet pressure
is fairly high and the density drop over the column is not large. Blumberg and Berger
developed a general model describing the evolution (expansion and contraction) of a
mobile-phase zone migrating in a non-uniform (coordinate-dependent) chromatographic
medium [9,10]. Their conclusion was that retention gradients in the column cannot lead
to the severe efficiency drops, reported by other groups. Berger and Wilson proved the
correctness of this model by measuring 220,000 plates on a 2.2 m column in pSFC [11].
The column efficiency did not drop as a function of the amount of single 0.2 m columns
coupled in series.
This study showed that the occurrence of efficiency losses is dependent on the working
temperature and outlet pressure and on the mobile-phase composition [12-21]. A real
breakthrough in finding an explanation for these phenomena was made by Poe et al.
when they proved that the presence of radial thermal gradients are the main reason for
the high efficiency losses when pSFC measurements are performed at low density near
the critical point [16-19]. This work showed that Schoenmakers et al. were not fully
correct to state that radial thermal gradients would not influence the efficiency in pSFC
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[22] and that building a model using the assumption of an isothermal column [3-5] does
not result in correct predictions of N losses. Other models were introduced to calculate
the local and apparent plate heights for packed column SFC separations taking into
account the axial and radial thermal gradients [23-25].
In order to avoid these efficiency losses in pSFC, it suffices to work with mobile phases
that are fairly liquid-like and are characterized by a low isothermal compressibility. How-
ever, it is important to know at what temperatures and outlet pressures the chance on
efficiency drops is high. Berger defined a region in the p−T plane where he believed
severe N losses would occur due to the adsorption of a thick layer of CO2 on the station-
ary phase [26]. Later, Tarafder and Guiochon superimposed isopycnic lines in the p−T
diagram in order to understand the reason for the high temperature gradients that occur
in some particular cases [27]. This work allowed to define a region in the p−T plane
where severe efficiency losses can occur [28,29]. Tarafder and Guiochon [30,31] and
Poe et al. [32-34] calculated pressure drops and density drops as a function of outlet
pressure and temperature and superimposed these values on the isopycnic lines in the
p−T plane. They found that working too close to the critical isopycnic is accompanied
by a high heat production-transmission imbalance of the mobile phase which results in
axial and radial thermal gradients in the column and thus in efficiency losses.
A strategy to perform highly efficient pSFC separations at operating conditions at which
severe efficiency losses could occur, is to modify the layout of the column oven. Bouigeon
et al. proposed a counter-temperature gradient when performing pSFC separations on a
1 m long column [15]. Li and Thurbide showed that increasing the temperature at the
column inlet by a resistively-heated coil or cooling the column outlet by a cooling tube,
can deliver a more elegant alternative for the counter-T gradient in order to restore the
efficiency when highly compressible fluids are used [35]. Another way to restore the
efficiency is to get rid of the radial temperature gradient in the column by isolating the
column with foam isolation or by placing the column in a still air oven instead of a
convective air oven [16,18,36]. Figure V.2 illustrates the difference in efficiency between
a non-insulated column (Figure V.2 A) and an insulated column (Figure V.2 B) when
the density is low (reduced density of 1.0 means that density = critical density = 0.468
g/mL). In addition, Figure V.2 C shows that it is not necessary to isolate the same
column when the density is higher (reduced density = 1.5) as no N losses are found.
As stated before, working at low densities and considerable pressure drops results in
radial temperature gradients due to the adiabatic cooling of the column. However, for
every pSFC separation, there is a tradeoff between this cooling and the heating that
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Figure V.2: Separation of an alkane mixture using a 150 x 2 mm octylsilica (C8) column
packed with 5 µm particles at 50  at two densities with and without thermal insulation (in
convective-air oven). Mobile phase is pure CO2. (A): reduced density = 1.0, non-insulated
column, flow rate = 1.265 mL/min, pout = 93.5 bar, ∆p = 25 bar. (B): reduced density =
1.0, insulated column, flow rate = 1.265 mL/min, pout = 93.5, ∆p = 25 bar. (C): reduced
density = 1.5, non-insulated column, flow rate = 0.492 mL/min, pout = 144.9 bar, ∆p = 11
bar. Reproduced from [18].
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results from the friction between the mobile phase and the packing material. This
frictional heating is higher when the mobile phase becomes more liquid-like. Thus at
high modifier amounts in the mobile phase, the decompression cooling and frictional
heating effects are more in balance with each other. Kaczmarski et al. [23] and De
Pauw et al. [37] studied the chromatographic conditions where viscous heating and
adiabatic cooling cancel each other out and result in an isothermal column without
radial temperature gradient. The range of such conditions is very narrow. This means
that, due to the pressure drop over the column, the mobile phase experiences heating
at the column inlet and cooling at the outlet. As a result, it is possible that no net
axial temperature differences are present in the column. However, local temperature
differences still exist which implies the potential presence of radial temperature profiles.
Nevertheless, these are much smaller than when working under conditions of strong
decompression cooling.
3. High-resolution pSFC separations on long columns
The possibility to couple several packed columns in series was exploited by several
researchers to separate complex mixtures with high-resolution pSFC. Berger and Wilson
were the first to couple several identical columns in series in order to obtain highly
efficient separations. They demonstrated the use of 10 serially coupled 0.2 m silica
columns for the analysis of Brazilian lemon oil (Figure V.3) and of gasoline and the
use of a 1.4 m column for the separation of poly-aromatic hydrocarbons (PAHs) from
scrapings from the interior of a chimney used with a wood-burning stove [11].
Later they presented high-resolution pSFC separations of sulfonyl-urea herbicides [38]
and thermally unstable pesticides [39] on a 1.6 m long column. Ibanez et al. reported
the coupling of two 0.250 m columns for the analysis of fat-soluble vitamins from several
real-life samples [40]. Bouigeon et al. [15] used four 0.250 m columns coupled in series
to demonstrate the separation of hydrocarbons from a gas-oil sample and Gaudin et al.
[41] coupled five 0.250 m columns for the SFC separation of Ceramides. Lesellier et al.
demonstrated highly efficient analyses of triglycerides from several vegetable oils on a 1.2
m octadecyl silica (ODS) column [42] and separated alkylbenzenes on a 0.500 m ODS
column [43]. Roston et al. used columns up to 1.5 m in order to obtain baseline sepa-
ration of 12 compounds in an impurity profiling method for pharmaceutical compounds
[44]. Smith et al. separated cis and trans isomers of C18 and C22 fatty acid methyl es-
ters (FAMES) on a 1.750 m long silica column [45]. Pinkston et al. used long columns
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Figure V.3: pSFC chromatogram of Brazilian lemon oil exhibiting over 200,000 plates obtained
by serial coupling of 10 Hypersil silica columns in series (each 200 x 4.6 mm, 5 µm dp). Mobile
phase: CO2/ MeOH (95:5), flow rate: 2 mL/min, T = 60 , pout = 150 bar. Reprinted from
[11].
(0.750 m, 1 m, and 2 m) to characterize low molecular weight alkoxylated polymers
with pSFC-ESI-MS [46]. Kamangerpour et al. performed the separation of polyphenolic
compounds from grape-seed extracts on two serially coupled 0.250 m diol columns [47].
More recently, Brunelli et al. [48] employed five serially coupled cyanopropyl columns
of 0.250 m to separate a broad spectrum of pharmaceuticals (Figure V.4) and Zhao
et al. [49] separated 25 (R/S)- spirostanol saponin diastereomers using pSFC on two
CHIRALPAK IC columns coupled in series.
4. High-throughput pSFC on short columns packed with small par-
ticles
In addition to the use of long columns, the use of standard length columns packed
with smaller particles also increases the column efficiency. However, as can be seen
from the Knox equation (Equation III.24), it is more cost effective in terms of pressure
requirements to use long columns for high efficiency measurements than to use small
particles for this purpose. For that reason, the standard packing particle diameter
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Figure V.4: Chromatogram of a complex pharmaceutical standard-compound mixture on five
coupled cyanopropyl silica columns (each 250 x 4.6 mm, 5 µm dp). poutlet = 100 bar, T = 40
, flow rate = 2 mL/min. Organic modifier: ACN/MeOH 1:3, program: 5 % hold 1 min to
40 % at 2 %/min, additives: TFA (0.5 %) and DIPA (0.5 %). Peaks: cortisone (1), estradiol
(2), progesterone (3), testosterone (4), 17-methyltestosterone (5), caffeine (6), theophylline
(7), thymine (8), uracil (9), fenoprofen (10), ketoprofen (11), naproxen (12), sulfadimethoxine
(13), sulfamerazine (14), sulfamethizole (15), sulfamethoxazole (16), sulfaquinoxaline (17).
Reprinted from [48].
was long kept at five micron and no innovations were introduced concerning packing
characteristics before 2004. However, in the last decade, the basic characteristics of
column packings for LC separations underwent a big evolution. The driving force for
change was the desire for faster separations of mixtures of average complexity and
the desire to extend the peak capacity for the separation of complex mixtures in a
reasonable time. Therefore, short columns packed with sub-2 micron particles were
introduced which enabled high-throughput LC separations [50-57]. As a consequence
of the high pressure drops that result from working with sub-2 µm particles in LC, ultra
high pressure LC (UHPLC) instruments were developed that can deliver up to 1300 bar.
These instruments for fast liquid chromatography also provide lower system volumes and
faster data handling compared to conventional HPLC instrumentation [58,59]. Working
with those very high pressure drops results in the need to work with columns with a
small internal diameter (2 mm) in order to avoid efficiency losses caused by the presence
of thermal gradients inside the columns due to viscous heating in UHPLC [60-68].
Simultaneously, columns packed with sub-3 micron superficially-porous particles (SPP)
were developed. Those SPP can deliver the same plate counts and speed compared
to sub-2 micron fully-porous particles at much lower pressure drops over the column
[50,55,69-71]. This means that there is no need for ultra-high pressure instrumentation
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in order to achieve fast LC separations. However, conventional HPLC instrumentation
cannot deliver the same fast data handling and low system volumes compared to the
state-of-the-art UHPLC instrumentation. In this respect it is necessary to work on these
UHPLC systems when the recently introduced sub-2 micron core-shell particles are used.
Since the breakthrough of sub-2 micron particles in UHPLC, the possibilities of using
small particles for fast SFC separations were also evaluated. Bolanos et al. described
ultra-fast SFC-MS separations on a column packed with 3 µm particles [73]. The first
demonstrations of the potential of using sub-2 micron particles for achiral SFC was
made more recently by Berger et al. [74,75] and Sarazin et al. [72] (Figure V.5). The
introduction of the new state-of-the-art SFC instrumentation has now resulted in a more
widely accepted use of short columns packed with sub 2-micron fully-porous particles
for achiral SFC separations [76-80]. It took a while longer for chiral SFC separations to
follow this trend. Some work has been reported on 3 µm chiral columns over the past
years [81-83], but it is only very recently that chiral-column manufacturers are starting
to produce chiral stationary phases that are coated on sub-2 micron particles [84,85].
Berger et al. were the first to demonstrate the potential of using superficially-porous
particles in SFC [74]. They also published a systematic study of the performance of a
porous-shell hydrophilic Interaction liquid chromatography (HILIC) column in SFC [87].
It was shown that the use of these core/shell particles results in higher efficiencies and
decreased analysis times compared to SFC separations on 3 µm fully-porous particles
or UHPLC separations on sub-2 µm fully-porous particles. Lesellier et al. performed a
systematic study on the performance of ODS superficially-porous particles (Figure V.6)
[86] and used these columns for the high-resolution separation of triglycerides from veg-
etable oils on a 450 mm long column [88]. Lesellier also examined the consequences
of transferring methods from fully-porous particles to superficially-porous particles and
concluded that the lower specific area of these SPP might result in selectivity changes
[89]. Recently Perrenoud et al. performed a systematic evaluation of the kinetic perfor-
mance of several polar sub-3 micron SPP columns and even a sub-2 µm SPP column
[90].
5. van Deemter and kinetic-plot construction for SFC separations
As a direct result of the complex and often non-linear dependence of the supercriti-
cal mobile-phase properties and of the chromatographic parameters on the operating
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Figure V.5: SFC separation of hydrocarbons on a Nucleodur gravity C18 column (50 x 3 mm,
1.8 µm dp). Flow rate = 5 mL/min, pinlet = 330 bar, pout = 150 bar, T= 50, u0 = 13.8 mm/s.
Solutes: 0.08: naphthalene, 0.10: dodecylbenzene, 0.12: 1,2,3,4,5,6,7,8-octahydroanthracene,
0.14: tert-butyl-2-anthracene, 0.17: fluoranthene, solvent: dichloromethane. Reprinted from
[72].
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Figure V.6: Chromatogram of alkylbenzenes in SFC on a Kinetix C18 column (150 x 4.6 mm,
2.6 µm dp SPP). pout = 150 bar, T = 20 , flow rate : 2 mL/min, mobile phase: CO2/MeOH
(90:10). Reprinted from [86].
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conditions, it is not easy to quantify the chromatographic performance of SFC in a cor-
rect way. For example, when measurements are performed with a higher column back
pressure, the mobile-phase density increases, which results in a decrease in retention. In
addition, the mobile-phase viscosity increases, yielding lower diffusion coefficients (Dmol)
and a lower apparent column permeability. Similarly, when performance is measured as
a function of the flow rate for a fixed back pressure, the average column pressure will
increase significantly from low to high flow rates. As a result, the effect of flow rate on
performance becomes obscured by the accompanying changes in retention and diffusion
coefficients. This means that the performance should not be measured as a function
of flow rate while keeping the outlet pressure a constant. Although this is a generally
known fact, attempts are made to construct Hu plots [20,21] or kinetic plots [91] by
measuring the performance in SFC keeping the outlet pressure a constant. A remedy
was proposed by Poe et al. [16-18] and Xu et al. [19] as they described an isopycnic
method of measuring plate heights (H) as a function of flow rate while keeping the
average density constant by decreasing the back pressure with increasing flow rates.
They stated that by employing this methodology, the retention factors remain nearly
constant with flow rate because the average mobile phase density remains more or less
equal [92]. This approach is similar to the constant average pressure method used by
Mourier et al. [2] and also used by Gere [93] in the past but it only remains valid if the
variation of the physicochemical parameters (mobile phase density, viscosity, retention
factor k, and Dmol) along the column is linear, i.e. the averaged value experienced by
the compounds throughout the column is the same as the average of the values of the
front and back of the column.
6. Influence of chromatographic parameters on retention and se-
lectivity
Along with the separation efficiency, the retention factor is the critical performance
parameter in chromatography. A separation of the analytes can only occur if these
compounds experience different retention in the chromatographic system. Optimizing
this retention, and with this also the selectivity, is therefore the most important step in
chromatographic method development.
In general, retention is determined by the interactions between the solute and the station-
ary and mobile phase. Every chromatographic parameter that influences these interac-
tions, influences the retention of the analytes and therefore also the selectivity. The influ-
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ence of those parameters on retention is well defined for achiral liquid-chromatographic
separations but the retention mechanisms of pSFC separations are much more com-
plicated. In the following paragraphs, the influences of the different chromatographic
parameters on retention are discussed.
6.1. Retention mechanisms in HPLC
In HPLC, the retention is influenced by the stationary-phase chemistry, the mobile-phase
chemistry, and the temperature. Stationary phases are divided in two main groups:
apolar stationary phases for reversed phase LC (RPLC) and polar stationary phases for
normal phase LC (NPLC). Next to RPLC and NPLC, many other LC modes exist like
ion pair LC, ion exchange LC, size exclusion chromatography, and affinity LC. However,
RPLC and NPLC are most commonly used and for this reason only these modes are
discussed here. In RPLC, the apolar stationary phase is combined with a polar mobile
phase and the analytes are separated according to their difference in hydrophobicity.
The mobile-phase main component is usually water and the eluting power increases
with the amount of organic modifier that is added to it. There are currently a very
large number of phases available for reversed-phase chromatography. The most typical
and also mostly used stationary phase in RPLC is octadecyl silica (ODS). Other RPLC
stationary phases can show significant selectivity differences compared to ODS, which
can hamper the selection of the best stationary phase for a given separation problem.
In normal phase LC (NPLC), the analytes are separated based on their difference in
polarity by the use of a polar stationary phase in combination with an apolar mobile
phase. The main component of the mobile phase is usually an apolar organic solvent
like hexane or heptane. In order to increase eluting strength, a polar modifier like
ethanol is added. Because of the polar character of the stationary phase, variable trace
amounts of water in the mobile phase can influence the retention to a great extent in
NPLC. This issue can be solved by saturating the mobile phase with water. As NPLC is
limited by the solubility of the compounds to be analyzed, hydrophilic interaction liquid
chromatography (HILIC) was introduced to allow analysis of very polar compounds. In
HILIC separations, a small amount of water is added to the mobile phase which to a
certain extent adsorbs to the stationary phase and acts like a pseudo-stationary phase.
The influence of the retention (lnk) on the temperature (T ), can be expressed by means









With ∆H and ∆S representing respectively the system enthalpy and -entropy, β is the
phase ratio of the column, and R is the universal gas constant. As the system enthalpy is
negative in the vast majority of retention mechanisms (exothermic), this equation shows
that the retention factor decreases with increasing temperature in most cases [94].
6.2. Retention mechanisms in pSFC
In contrast with the rather straightforward retention mechanisms of LC separations,
some unexpected chromatographic behaviors occur when performing SFC separations.
These are due to two main phenomena: the mobile-phase compressibility and the variable
adsorption of mobile-phase molecules onto the stationary phase [95]. As a result, all
modifications in the analytical conditions that could impact those parameters, will induce
retention and selectivity changes. While for HPLC separations, the pressure, column
length, or mobile-phase flow rate do not affect the retention, these parameters do alter
the retention in SFC. In addition, the influence of adding modifier and additives and
increasing the temperature are also characterized by additional changes when compared
to HPLC behavior.
6.2.1. Influence of stationary-phase chemistry on retention and selectivity in pSFC
In SFC, the same mobile phase can be used in combination with all types of HPLC
stationary phases. In addition, certain column manufacturers developed dedicated sta-
tionary phases for SFC. This means that SFC can be an alternative to all forms of HPLC
and not only to NPLC or HILIC.
Due to this huge choice of stationary phases, a clear understanding of the retention
mechanisms on the different stationary phases is needed to be able to select the best
stationary phase for a given separation problem. The retention properties of the different
stationary phases are best studied using quantitative structure-retention relationships
(QSRR) [96]. In general, QSRR is a technique for relating variations in one response
variable (Y ) to the variation of several descriptors (X-variables) [97]. One of the variables
(mostly Y ) is related to the chromatographic retention while the others should encode
the molecular structure. The principle aim of QSRR is to predict retention data from
molecular structure but it is also used for elucidating retention mechanisms.
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Of all QSRR, the linear solvation energy relationship (LSER) using Abraham descriptors
has gained acceptance as the most suited tool to explore the factors affecting retention
in chromatographic systems [98-100]. By applying LSER, the retention of the analytes
is related to specific interactions by the following equation:
logk = c+ eE + sS+aA+bB+ vV (V.2)
In this equation, the capital letters represent the analyte descriptors and the lower-case
letters represent the system constants. E (the excess molar refraction) depends on the
polarizability contributions from n- and π- electrons, S is the solute polarizability, A and B
are the overall hydrogen-bond acidity and basicity, and V is the McGowan characteristic
volume (cm3mol−1/100). In order to find the system constants (c, e, s, a, b, and v),
a multi-linear regression is applied on the retention data for a large number of analytes
with known descriptors. These system constants reflect the magnitude of difference
for the corresponding property between the mobile and the stationary phase. Using
Equation III.7, an expression of selectivity logα between two solutes on a stationary
phase can be deducted from Equation V.2:
logα = e∆E + s∆S+a∆A+b∆B+ v∆V (V.3)
where ∆X represents the difference in descriptor X between the two solutes. This means
that the system constants (e, s, a, b, and v) also reflect the selectivity of the stationary
phase towards a particular molecular interaction.
A systematic study on the SFC retention behavior on different stationary phases has been
performed by West and Lesellier who used the LSER model to determine the system
constants of different alkyl-bonded phases [106-110], polar phases [106,109,111,112],
HILIC-devoted phases [113], and a large variety of aromatic phases [106,109,114] using
the same mobile phase, temperature, and pressure. The results of these studies are de-
picted in Figure V.7 A and show that on polar stationary phases, analytes with increased
polarity and decreased hydrocarbon volume show an increased retention [112]. This is in
accordance with NPLC behavior. On the other hand, an increased polarity and decreased
hydrocarbon volume lead to decreased retention on the non-polar phases. However, the
absence of water in the SFC mobile phase compared to a RPLC mobile phase, allows
the differences of interactions between the stationary phases to be expressed in a greater




Figure V.7: Spider diagram for the five-dimensional representation of the system constants
acquired by LSER for SFC (A) and LC (B). Green points are non-polar alkyl phases, blue points
are polar alkyl phases, yellow points are moderately polar aromatic phases and orange points
are polar phases. Chromatographic conditions for diagram (A): T = 25 , pout = 150 bar, flow
rate = 3 mL/min, mobile phase: CO2/MeOH (90:10). HPLC data from diagram (B) issued
from refs. [101-105]. Both diagrams are reprinted from [106].
the chemistry of the aromatic group [114]. They can be polar and show normal-phase
behavior, or apolar and provide reversed-phase selectivity, or they can deliver both polar
and apolar interactions and hence show an intermediate retention behavior. This last
situation is in contrast with HPLC, where no such intermediate retention mechanisms
are found [106] as is noticed in Figure V.7 B.
6.2.2. Influence of the mobile-phase composition
The eluting power of pure CO2 is too low to elute polar compounds in pSFC and therefore
a co-solvent is added to the mobile phase. This modifier is most often methanol but
also ethanol and isopropanol are frequently used [77]. The use of acetonitrile is also
reported albeit in a much lesser extent. When necessary, small amounts of acids, bases,
or salts are also added as additives to the mobile phase. The influence of the modifier
nature [115,116], the modifier amount [117], and additive addition [118] have also been
elaborated by use of the LSER.
The effects of the modifier addition on the retention and selectivity are varied [95]. The
first and most obvious effect on retention is the same as for LC separations: an increase
of eluotropic strength of the mobile phase by increasing the polarity thereof [119-121].
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In contrast to the situation in LC, some additional effects occur in SFC. These addi-
tional changes, do not induce important separation changes (such as retention order
inversion), but they are able to induce retention factor shifts, complicating chromato-
graphic behavior modelling (i.e. prediction of retention factors and separation factors).
As a result of the physical properties of the modifier, addition of modifier increases the
density of the mobile phase leading to an additional increase in eluotropic strength of
the mobile phase [116]. However, this additional decrease in retention is negligible when
compared to the effect of amount of modifier in the mobile phase [43,120,121]. Other
effects of modifier addition to retention in SFC are related to adsorption of this modi-
fier to the stationary-phase material. The addition of a low amount of modifier to the
CO2 strongly reduces retention of polar analytes that are retained on active sites of the
stationary phase [121-126]. Lochmüller and Mink estimated that 1 % of methanol in
the mobile phase is sufficient to cover all residual silanol groups of ODS columns [127].
The modifier molecules are also adsorbed to the stationary-phase surface changing the
polarity and the volume thereof [128-130]. This means that the chromatographic behav-
ior of the stationary phase depends on the mobile-phase composition. At low modifier
amounts, the amount of adsorbed modifier is higher than the modifier percentage in the
bulk mobile phase. Stubinger et al. reported that the adsorbed layer onto the stationary
phase consisted of nearly 25 % methanol when the mobile phase contained only 2 %
methanol [130]. These adsorption effects are dependent on the nature of the mobile-
phase modifier. Methanol will strongly adsorb to the stationary phase where this is not
the case for acetonitrile [43,128,129]. Apart from this feature, retention and selectivity
are only marginally affected by the nature of the modifier [131,132].
The effect of the organic modifier alone is usually unsufficient to overcome the chro-
matographically deleterious effect of residual silanol groups and/or to enable elution of
very polar compounds or strong acids and bases [133-136]. Certain functional groups
of these compounds interact quite strongly with silica-based stationary-phase supports,
giving rise to distorted peak shapes. A common remedy for this problem is the use of
low amounts (less than 1 %) of mobile-phase additives. Typical additives are acids (like
formic acid, trifluoroacetic acid, and citric acid) [47,137,138], bases (like isopropylamine
and triethylamine)[139,140] or salts (e.g. ammonium acetate)[141-144]. There are no
general guidelines for the choice of additives other than that they should be a stronger
acid or base than the sample components as well as compatible with the choice of detec-
tor. The use of neutral polar compounds, like water, as additives is reported in a lesser
extent [145,146]. In addition to the modification of the stationary phase, additives are
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also used to enhance the mobile-phase solvating power and to suppress sample ionization
[124]. The main effect of additives on the separations, is an increase in peak shape and
thus in efficiency. Retention and selectivity may also be affected by these additives but
this effect is dependent on the chemistry of the specific analytes [118]. Highest effects
were found for analytes with functional groups that are strong hydrogen-bond donors or
acceptors. In addition, the choice of operating conditions largely determines the extent
of these additional effects.
6.2.3. Influence of column temperature and system pressure on retention
The effect of the temperature on retention in SFC is a combination of various mecha-
nisms and can be quite complicated as it depends on the experimental conditions, the
properties of the analytes, and the nature of the mobile- and stationary phase [147].
The reason for this complexity lies in the fact that, in SFC, the temperature affects not
only the density of the supercritical fluid, but also influences the solubility parameters
of both the mobile phase and the analytes. In addition, the affinity of the compound for
the stationary phase is affected by the temperature. This means that with increasing
temperature (at constant pressure), the retention can increase or decrease depending
on the specific conditions and analytes [27,148,149].
The influence of the pressure on the retention is much more straightforward as this
only affects the mobile phase. Due to the compressibility thereof, an increase in system
pressure (at constant temperature) will lead to an increase in mobile-phase density.
This induces an increase in eluting strength of the mobile phase and therefore decreases
the retention [150]. The effect of increasing pressure on the retention becomes less
important when the compressibility of the mobile phase is lower. This means that when
a considerable amount of modifier is used, there are no significant effects of pressure
changes on retention or selectivity.
Compared to the effect of mobile-phase composition on retention and selectivity, the
influence of the column temperature and system pressure, is much less important [120].
The pressure and temperature are sometimes used for subtle fine-tuning of retention
[121] but in most cases, they are not even tuned at all.
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6.2.4. Influence of altering flow rate and column length on retention
For the same reasons as for an increase in system back pressure, increasing column
length or mobile-phase flow rate also affects the retention in SFC [95]. Using a longer
column (at constant back pressure) results in a higher pressure drop over the column.
Hence the average column pressure is increased. Due to the compressibility of the mobile
phase, this results in a higher mobile-phase density and thus lower retention factors of
the analytes. Increasing the flow rate at constant back pressure and column length,
has the same effect. These two effects are more important when the mobile phase is
highly compressible. Adding high amounts of modifier to the mobile phase results in
a more liquid-like mobile phase and the influence of the pressure on retention becomes
negligible.
7. Strategies applied for selectivity optimization in packed column
chromatography
As mentioned before, selectivity optimization is the most important and at the same time
most time-consuming process in method development. Because such a large amount
of tunable parameters influence the selectivity, different strategies to optimize the se-
lectivity in a reasonable time window have been proposed. Most separations use one
type of stationary phase and a mobile-phase composition gradient. For this reason, the
most logical strategy would be to first select the best stationary phase and tune the
mobile-phase composition afterwards. However, the possibility to use more than one
stationary phase in one analysis, has also been investigated. In the next paragraphs the
implementation of these two strategies in LC and SFC separations are further discussed.
7.1. Mobile-phase based selectivity optimization
Selectivity optimization where the stationary phase is first selected and the mobile-phase
gradient is optimized afterwards, is refered to in this work as mobile-phase based se-
lectivity optimization. The selection of the best stationary phase for a given separation
problem can be performed based on personal experience or intuition of the chromatog-
rapher, literature, or automated screening procedures [151-154]. After this column
selection, the stationary phase is considered to be an invariable factor in the further
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selectivity-optimization process. Subsequently, the optimization of the remaining op-
erational parameters such as the type of modifier, additives, gradient profile, column
temperature, column back pressure, etc., is performed [155-159]. However, in practice,
the column screening can also be accompanied by a screening of the type of modifier in
which case this parameter is also invariable during the final optimization process. The
column temperature and back pressure are mostly kept as invariables.
7.1.1. Stationary phase pre-selection
As mentioned before, the stationary phase has the highest impact on the selecitivity.
Therefore, it is vital to directly select the best stationary phase before the mobile-phase
optimization process starts. In this respect, the stationary-phase classification models
that have been proposed in literature for LC [101-105,160-173] and SFC [106,107,112-
114] can be used. For pSFC separations, West and Lesellier have shown how their
database of system constants acquired via LSER can be helpful in selecting a set of
orthogonal stationary phases for initial column screening [174]. However, this approach
still implies the execution of a number of experiments in order to finally select the best
stationary phase. A faster and cheaper approach would imply the prediction of the
retention of the analytes on the different stationary phases. West et al. reported fairly
accurate retention prediction of seven chlorotriazines on 36 stationary phases using the
molecular descriptors of the new test solutes and their database of system constants
acquired by LSER [175].
7.1.2. Further optimization by mobile-phase tuning
The actual mobile-phase optimization is in general a matter of optimizing the gradient
profile and the nature and amount of additve. The tuning of these variable factors
in LC is sometimes performed by an experimental-design approach which means that
optimal values are searched for these factors, outgoing from a defined set of initial
experiments [176-185]. These are run at several combinations of levels of the variable
factors. From the results of these experiments, relationships and equations between the
variable factors and the selectivity can be derived and modeled. Hence, the conditions
(values of the tunable factors) for which the best selectivity is expected, are predicted
in this way. Subsequently, experimental verification of the predicted optimal conditions
is performed.
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For SFC separations, this kind of automated method development strategies are also
performed [158,186,187]. However, it is more difficult to predict the influence of small
amounts of modifier and/or additives on selectivity compared to LC. For that reason,
trial-and-error-based evalutation strategies are also commonly applied in selectivity op-
timization of SFC separations [85,157,188].
Practically, the reliability of a prediction model increases if the number of tunable pa-
rameters is reduced and when some tunable parameters, like column temperature and
outlet pressure are kept constant. In this way, the number of initial experiments is
smaller and the total time spent on selectivity optimization is decreased.
7.2. Alternative strategy: Stationary-phase based selectivity optimization in LC
and SFC
It is not always possible to resolve all compounds on one type of stationary phase. In
those cases, the use of two or more stationary phases in one separation, can deliver a
solution. This mixing of stationary phases can be performed on three levels: mixing
several functionalities on the individual particles used for packing (mixed phases) [189-
191], mixing several particles with different chemistries in one column (mixed bed)
[192-200], or coupling columns with different stationary phases [197,201-207]. Mixed
beds and mixed phases are commercially applied to combine ion-exchange and reversed
phase LC in one separation.
7.2.1. Stationary-phase optimized selectivity in LC
The serial coupling of columns packed with different stationary phases is particularly use-
ful as it allows the prediction of solute retention on any combined stationary phase based
on the knowledge of the retention on the pure stationary phases. In this stationary-phase
optimized selectivity LC (SOS-LC) methodology, the mobile phase is preselected and the
optimal predicted stationary phase composition is obtained by connecting column seg-
ments of different stationary phases with variable lengths [208,209]. The first step is
to measure the retention factors of the sample compounds on the individual stationary
phases. Subsequently the retention factors of all sample compounds are predicted for
all possible combinations of serially-coupled column segments, using Equation V.4:
kA,B,C,D,E =
kA ΦA + kB ΦB + kC ΦC + kD ΦD + kE ΦE




where kA, kB, kC, kD, and kE correspond to the retention factors of a compound ob-
tained from the basic measurements on the pure stationary phases (when five different
stationary phases are used), and ΦA, ΦB, ΦC, ΦD, and ΦE represent the lengths of
the individual column segments in a combined column. As selectivity factors and to-
tal analysis time are simultaneously calculated, column combinations can be ranked in
decreasing order of selectivity of the critical pair, automatically generating the opti-
mal column combination for the shortest analysis time. This methodology, including
column segments and the algorithm for isocratic analysis, was commercialized in 2005
by Bischoff Chromatography under the name Phase-Optimized Liquid Chromatography
(POPLC®) [210].
While this SOS-LC approach was originally limited to isocratic HPLC separations, several
researchers have improved its applicability [211-215]. More recently, the software has
been upgraded to Linear Gradient (LG) POPLC® Optimizer Software by our group in
order to simultaneously predict the optimal POPlink® segment combination and the
optimal linear gradient profile of the mobile phase [216-218]. It was also shown that the
LG Optimizer software can be used in combination with conventional columns [219].
Most recent work on stationary-phase optimization has been done by Ortiz-Bolsico et
al. who developed their own prediction software for isocratic and gradient separations
on conventional columns that are coupled with conventional zero-dead-volume couplers
[220-222].
7.2.2. Stationary-phase optimized selectivity in SFC
The use of more than one stationary phase in one separation is also described for SFC,
albeit in a much lesser extent than in HPLC. There are no notifications in literature
of the use of mixed packing particles or mixed bed seperations in SFC. Despite the
fact that SFC separations on serially coupled stationary phases have been reported
(see Figure V.8) [150,223-231], the stationary-phase optimized selectivity procedure has
never been described for selectivity tuning in SFC. The reason for this discrepancy can
be found in the difference in mobile-phase characteristics between SFC and HPLC. In
contrast to the mobile phase in HPLC, which only consists of liquids, an SFC mobile
phase contains CO2 and has a compressibility that can be fairly high. This leads to a
dependency of retention factors as a function of pressure: measuring at higher mobile-
phase pressures, results in higher mobile-phase densities, which in their turn lead to
reduced retention factors of the solutes. This means that it would not be possible to
70
Approaches for Resolution Optimization in SFC
Figure V.8: Optimized SFC separation of a wheat glycolipid extract spiked with its unsaponifi-
able matter on two serially coupled columns: silica (250 x 4.6 mm, 5 µm dp) + diol (250 x 4
mm, 5 µm dp). T = 40 , pout = 100 bar, mobile phase CO2/MeOH: 10 % MeOH during 5
min, to 40 % MeOH at 1.5 %/min. Reprinted from [223].
predict retention times on combined columns with a total length differing from the length
of the segments used for measuring the pure-phase retention. Strategies to overcome
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Chapter VI
Design and Evaluation of Various Methods
for the Construction of Kinetic-Performance
Limit Plots for Supercritical Fluid
Chromatography
In order to quantify the claimed kinetic performance advantage of SFC over HPLC, it is
essential to construct unbiased SFC kinetic plots and to make the comparison with HPLC
kinetic plots. The high compressibility of the mobile phase in SFC however makes this
problematic. A variable column length (L) kinetic plot method is therefore developed
in this chapter. Because the pressure history in the column is kept constant for every
data point in this method, this way of working definitely delivers exact values for the
kinetic performance limits in SFC. It is shown that the traditional way of measuring the
performance as a function of flow rate (fixed back pressure and column length) cannot
deliver the same correct results as this variable-L method. However, the isopycnic way
of working on a fixed column length has also been proven to be a good alternative for
the expensive and time consuming variable-L method. Finally, isopycnic kinetic plots
are used to compare SFC and HPLC performance in a quantitative way.
Published as: Design and Evaluation of Various Methods for the Construction of Kinetic-
Performance limit Plots for Supercritical Fluid Chromatography. S. Delahaye, K. Broeck-




Supercritical fluid chromatography (SFC) is attributed many advantages over high-
performance liquid chromatography (HPLC). Next to the fact that SFC is greener than
HPLC, which is especially important for preparative separations, SFC is claimed to be
able to deliver faster separations at higher efficiencies (N) than HPLC. This is due to the
higher diffusivity of analytes in supercritical fluids compared to liquids (higher optimal
mobile-phase velocity) and to the lower viscosity of the mobile phases in SFC compared
to HPLC, which results in smaller pressure drops allowing the use of longer columns
and/or columns packed with smaller particles at higher velocities. It would therefore
be very useful to have a method to construct kinetic plots in SFC to make a generic
comparison of its separation performance with HPLC. However, in order to use the ki-
netic plot method, one normally measures the performance (e.g. N, H, peak capacity
np, resolution Rs) and pressure drop as a function of flow rate on a fixed column length
and extrapolates these data to the maximum possible pressure drop (∆psys,max). Where
this extrapolation for HPLC systems is straightforward, because the compressibility of
the mobile phases and the effect of pressure on viscosity are small, this no longer holds
for SFC, where, as already mentioned, the average column pressure has a large effect
on mobile phase density, viscosity and chromatographic parameters, such as retention
factor and diffusion coefficient. It is therefore a very interesting but challenging task to
determine the kinetic performance of SFC systems and to be able to compare it with
an equivalent HPLC system.
When performance is measured at different flow rates or column lengths, a compound
should always experience the same chromatographic conditions (density, mobile-phase
composition and properties) on a given relative location x′ = x/L in the column [1]. If
this condition is not respected, the shape of the observed van Deemter or kinetic-plot
curve will not only reflect the influence of the changing flow rate but also of changing
mobile phase conditions, which of course will obscure the velocity change effect. Since
in SFC a change in flow rate also automatically implies a change in pressure and hence in
mobile phase properties, the best approach to measure a van Deemter plot or a kinetic
plot (both requiring performance measurements at different flow rates) is to take a
different column length for each different flow rate as this allows to keep the column
in- and outlet pressure constant while changing the flow rate (see section 3.2. from this
chapter). In the present study, this approach (variable-L method) is compared to the
traditional efficiency measurement approach (one column length for all flow rates) and
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the isopycnic method (see section 3. from this chapter). To make the conditions as
uniform as possible, the comparison of the performance in SFC and HPLC has been
made using the same column, the same analytes and the same elution window (k of
the last eluting compound). In addition, to remain as closely as possible to purely
supercritical conditions, only a very small amount of modifier (to achieve good peak
shapes) was added to the CO2-flow.
2. Experimental
2.1. Apparatus
All measurements were performed on a Jasco SFC system (Jasco Corporation, Tokyo,
Japan) equipped with following modules: Jasco PU-2080-plus HPLC pump, Jasco PU-
2080-CO2-plus CO2 delivery pump, AS-2059-SF-plus auto sampler for SFC, UV-2070-
plus UV-VIS detector with high pressure flow cell and BP-2080-plus automatic back
pressure regulator (BPR). For all measurements, the columns were placed in a po-
laratherm series 9000 (Selerity Technologies Inc., Salt Lake City, USA) oven set at 50
, with preheater at the same temperature and post-column cooler temperature set at
20 . For the HPLC measurements, the CO2 delivery pump and BPR were removed
from the system.
2.2. Chemicals
N48 grade CO2 was purchased from Air Liquide (Liege, Belgium). Methanol and hex-
ane (both HPLC grade) were purchased from Biosolve (Valkenswaard, The Nether-
lands). Ethanol (HPLC grade), heptane (HPLC grade), naphtalene, phenantrene and
benzo(a)pyrene were purchased from Sigma-Aldrich (Steinheim, Germany). dibenzo(a,h)-
anthracene was purchased from Supelco (Bellefonte, USA).
2.3. Chromatography
Chromatographic analyses were performed on Zorbax RX-SIL columns (250 mm x 4.6
mm, 5 µm dp and 150 mm x 4.6 mm, 5 µm dp) purchased from Agilent Technologies
(Brussels, Belgium). Bare silica was selected as stationary phase because it is the most
81
Chapter VI
logical normal phase stationary phase for a fundamental study on the performance in
SFC [2,3].
The column oven was set at 50  for all measurements. The mobile phase used in the
SFC experiments was CO2/MeOH (99:1) in order to operate under truly supercritical
fluid conditions. The small amount (1 %) of methanol was added to avoid peak tailing
that occurred when working with pure CO2. With this modifier content, supercritical
conditions can easily be achieved at 50  and a backpressure of 80 bar or higher [4].
The reason why a near 100 % pure CO2 mobile phase was used in combination with
a temperature of 50  is that these truly supercritical conditions deliver the most
difficult situation to determine the correct kinetic performance limit due to the high
compressibility of the mobile phase under these conditions. As a result, if the kinetic
plot methodology can be validated under these conditions, it will also be valid for
conditions with a smaller CO2-content and sub-critical conditions.
For the HPLC measurements, hexane with 50 µL/L ethanol was used. The very small
amount of ethanol was necessary to obtain reproducible retention times. Samples con-
sisting of 100 µg/mL naphtalene, phenantrene, benzo(a)pyrene and dibenzo(a,h)-an-
thracene were all dissolved in hexane. The choice of working with poly aromatic hydro-
carbons (PAH) was made because these dissolve well in pure CO2, which allows its use
as mobile phase and because by selecting PAHs with different ring numbers, a good k
window can be achieved. For the HPLC measurements 10 % of the hexane in the sample
solvent was replaced by heptane to be able to determine t0. The injection volume was
for all cases 2.4 µL. All shown data points are average values from three consecutive
injections.
3. Methodology
In this work, three different methods to measure the performance in SFC as a function of
the flow rate were used and compared: (1) the traditional fixed column length method,
(2) the variable column length (L) method and (3) the isopycnic method. For the
HPLC measurements, the traditional method was used, using a fixed column length of
250 mm. The peak capacities reported in the current work are always calculated on a
time weighted average over the sample elution window of the peak width σt of all n
compounds [1]:
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3.1. The traditional method (single column, fixed outlet pressure)
Efficiency measurements in SFC are traditionally performed in the same way as in HPLC,
i.e. by increasing the flow rate while keeping the back pressure constant (here set to 120
bar). As mentioned in the introduction, the downside of this approach is that in SFC a
decrease in retention factor with increasing flow rate will be observed (see also Section
4.2. further on), due to the increasing density of the highly compressible mobile phase as
a result of the higher average column pressure [5]. The requirement (see Introduction)
that each measurement along the van Deemter or kinetic plot curve should be made
such that the compounds experience the same history of mobile phase conditions can
hence not be respected.
3.2. The variable-L method (multiple columns, fixed inlet and outlet pressure)
When dealing with a compressible mobile phase, as is the case in SFC, the most correct
approach to measure the column performance at different flow rates while keeping the
same relative pressure evolution along the column (and hence the same relative mobile
phase history) constant, is to change the length of the columns (which in the present
study is realized by coupling columns) while keeping the same inlet and outlet pressure.
In this way, also the average column pressure and mobile phase density will be the same
for every measured data point.
Since the relevant pressure history is the one experienced on-column, and since our
measurements were recorded on a system with fairly long connection tubing and up to
high flow rates (creating a significant extra-column pressure drop), the pressure drops
in the connection tubing before and after the column were measured as a function of
flow rate in preliminary experiments. In addition, because the extra column pressure
increases with flow rate FV, but is independent on column length, it is important to
include it in the calculation of the kinetic plot limit (see Equation III.30).
Figure VI.1 shows the experimental set up for the variable-L measurements for the
highest flow rate (shortest column; Figure VI.1 A) and the lowest flow rate (longest
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Figure VI.1: System set up for SFC measurements. (A) set up for the highest flow rate in the
variable L method and all flow rates in the traditional and isopycnic method (L = 25 cm). (B)
set up for the lowest flow rate in the variable-L method (L = 105 cm).
p2 and p3 fixed and therefore pav constant. Measurements were started at the highest
flow rate and the shortest column (5 mL/min and 25 cm) with the pressure (p4) in the
back pressure regulator (BPR) set on an arbitrary value of 100 bar. p1 could be read
out on the system and ∆p1 and ∆p3 were known from the preliminary pressure drop
measurements. As a result, p2, p3 and pav could be calculated as 183 bar, 143 bar and
163 bar respectively. It is then also straightforward to find the column pressure drop
∆pcolumn to be 40 bar. Next, the column length was increased to 30 cm (2 x 15 cm)
while keeping p2 and p3 constant. In order to achieve this, ∆pcolumn must first have the
same value as in the first experiment, i.e. 40 bar. Using Darcy‘s law (Knox equation;
Equation III.24), the correct flow rate to achieve this pressure drop was calculated. Via
the preliminary pressure drop measurements, values of ∆p1 and ∆p3 for this particular
flow rate could be calculated and hence the necessary value for p4 was known. As a
result, both ∆pcolumn, p2 and p3 were the same as for the 25 cm column. In addition
an expected value for p1 could be calculated and compared to the pressure read-out on
the system, which was always in good agreement as the deviation of the experimental
pressure compared to the expected values was typically one bar. This methodology was
repeated for all of the other column lengths (i.e. 40 cm, 50 cm, 65 cm, 75 cm and 105
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cm).
3.3. The isopycnic method
The constant average column pressure (and thus density) conditions imposed when
measuring performance in an isopycnic manner [6] is already an important advantage
over the traditional approach, as the constant average column density condition in gen-
eral provides a first good approximation to the required constant mobile phase history
condition. It is however unclear if this method is suited to make kinetic plots by ex-
trapolating the data obtained on a single column to the kinetic performance limit of the
chromatographic system. Although the average pressure in the system is the same for
the different flow rates, the inlet (p2) and outlet (p3) pressures of the system will re-
spectively increase and decrease with increasing flow rates. As a result, the compounds
will only experience a very narrow pressure range when passing through the column at
low flow rates, while for high flow rates the variation in pressure along the column will
be large. Under conditions where the effects of high and low pressure will cancel each
other out, this method should yield equivalent results as the variable-L method.
4. Results and discussion
4.1. Example chromatograms
Figure VI.2 shows three recorded chromatograms obtained using the SFC isopycnic
method (Figure VI.2 A), the SFC variable L method (Figure VI.2 B) and the equivalent
separation in HPLC (Figure VI.2 C). Figure VI.2 A and Figure VI.2 C were recorded
at the optimal flow rates found for SFC and HPLC respectively and Figure VI.2 B
was recorded on the longest column length employed during the experiments (105 cm),
which was achieved by coupling three 25 cm and two x 15 cm columns. The compounds
eluted in following order: naphthalene (1), phenantrene (2), benzo(a)pyrene (3) and
dibenzo(a,h)anthracene (4). It can clearly be seen that a very good peak shape and
symmetry were obtained for all compounds and for all the different operating conditions.
By careful selection of the mobile phase compositions in both SFC and HPLC, the
same k value in SFC and HPLC (k = 3) was obtained for the last eluting compound
(dibenzo(a,h)anthracene). The earlier eluting compounds have a slightly different k
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in HPLC, because it is impossible to independently change the retention factor of the
different compounds.
4.2. Effect of flow rate on retention
As was mentioned before, a correct method for measuring performance in SFC should
have a constant k value for every flow rate. In this respect, a first evaluation of the
different SFC methods can simply be made by looking at the variation of k with the
flow rate, as is shown in Figure VI.3 A. In the traditional SFC method (L = 25 cm
and pBPR = 120 bar), a strong decrease of k with increasing flow rate is observed, in
agreement with the theoretical expectation, because the solubility of the compounds
increases (and hence retention decreases) with increasing average pressure and density
in the column. This strong variation of k with FV indicates that the traditional method
will poorly predict the kinetic performance in SFC, especially when looking at the total
analysis time tR or peak capacity np, which both strongly depend on k. For the variable-L
method (p2 = 183 bar, p2 = 143 bar and pav = 163 bar) and the isopycnic method (L
= 25 cm, pav = 163 bar), little or no variation of k is found. The fact that the k values
of the isopycnic plot are constant confirms that k is best considered as a parameter that
depends on the average pressure, or equivalently average density [7], and is indeed not
or only very little affected by the pressure drop [6]. Figure VI.3 B, depicting the k-values
of the last eluting compound, confirms that the k-value is the same for the SFC methods
with a constant k (variable-L method and isopycnic) and for the HPLC method. It is no
surprise that the k in the HPLC separations is independent of the flow rate. Of course,
due to different selectivity in the HPLC separations compared to the SFC separations,
the k of the other compounds is not exactly the same in SFC and HPLC, but the trend
as a function of FV is similar as illustrated on Figure VI.3 A (results for naphthalene and
phenanthrene not shown but show similar curves).
The location where the k-curve for the fixed L and BPR intersects the isopycnic and
variable-L method curves in Figure VI.3, of course depends on the value set for the
BPR. If, for example, the back pressure was set to a higher value, the retention would
be lower for the entire flow rate range. This would allow to match the k values in the
low pav-range with those of the other methods, but would result in much lower k values
in the high pav-range. In the investigated case, it is therefore expected that the largest
deviations will be observed in low pav-range.
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Figure VI.2: Example chromatograms. (A) SFC isopycnic method, L = 25 cm, FV = 3
mL/min, p4 = 133 bar, pav = 163 bar. (B) SFC variable-L method, L = 105 cm, FV = 1.19
mL/min, p4 = 141 bar, pav = 163 bar. (C): HPLC, FV = 1 mL/min, sample consisting of





















Figure VI.3: Variation of k with flow rate for the three SFC methods and HPLC for
benzo(a)pyrene (A) and for dibenzo(a,h)anthracene (B). Red squares: SFC traditional method
(L = 25 cm, p4 = 120 bar). Black diamonds: SFC variable-L method (p2 = 183 bar, p3 =
143 bar, pav = 163 bar). Green triangles: SFC isopycnic method (L = 25 cm, pav = 163 bar).
Blue circles: HPLC (L = 25 cm).
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4.3. Effect of flow rate on band broadening
The measured plate heights as a function of linear velocity for all SFC methods are shown
in Figure VI.4 for naphthalene (Figure VI.4 A) and benzo(a)pyrene (Figure VI.4 B). For
naphthalene, the traditional method systematically yields higher plate heights over the
entire flow rate range compared to the variable-L curve, but the difference decreases
with increasing flow rate. This trend was also observed for the other compounds as can
be seen from the curve for benzo(a)pyrene, although the effect here is smaller for the
later eluting compounds leaving just a noticeable deviation of H at low flow rates.
The reason can, as mentioned in section 4.2. from this chapter, easily be extracted
from Figure VI.3, which shows that k increases very strongly with decreasing flow rate,
resulting in a large deviation in k for the lower flow rates. As it is well known that
the plate height increases with increasing retention and diffusion coefficient in the B-
term region of the van Deemter curve, the higher H values for the low flow rates are
expected. At the same time, because in the low FV-range a lower average density is
experienced by the compounds, also the average mobile phase viscosity is lower, resulting
in a higher value for Dmol which in turn yields a higher B-term. Figure VI.4 also shows
that the measured plate heights using the isopycnic method are much closer to that
of the variable-L method (which, given its intrinsic ability to keep the retention- and
diffusion history as constant as possible, is taken as the ’correct’ reference), compared
to the traditional method. The most important conclusion that can be drawn from
Figure VI.4 is that the isopycnic SFC method seems to provide an adequate and useful
alternative for the much less practical variable-L method (which required a large number
of columns coupled in different lengths) to construct these van Deemter plots.
Figure VI.5 shows a comparison of the measured plate heights in both the HPLC mode
and the SFC mode (variable-L method), both for naphthalene (Figure VI.5 A) and
benzo(a)pyrene (Figure VI.5 B). The plots show that the columns used were well packed
(Hmin ≈ 10µm = 2dp) and that the observed minimum plate heights are the same in
both operation modes (except for a slightly higher Hmin in SFC for benzo(a)pyrene).
The results presented in Figure VI.5 show that the optimum velocity in SFC is around
three times larger than in HPLC (u0,opt,HPLC ≈ 1.5 mm/s, u0,opt,SFC ≈ 4.5 mm/s), in
agreement with theoretical predictions for SFC separations using pure CO2 where a factor
between three and five is found [8]. Also in agreement with the theoretical expectations,
is that the C-term of the SFC curve is less steep than that of the HPLC curve as a result





























Figure VI.4: Comparison of van Deemter curves of all SFC methods of naphthalene (A) and
benzo(a)pyrene (B). Symbols and separation conditions as in Figure VI.3. The error bars give
the standard deviation on the average.
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Figure VI.5: Comparison of van Deemter curve of HPLC and the SFC variable L method for





























Figure VI.6: Comparison of kinetic plots of all SFC methods. (A) t0,KPL in function of NKPL
(dibenzo(a,h)anthracene); (B) tR,KPL as a function of np,KPL. Symbols as in Figure VI.3.
∆pcol,max = 40 bar. pav for isopycnic and variable-L method is 163 bar.
important to notice that in the current investigation, a true supercritical fluid is used as
mobile phase (i.e. pure CO2). When a higher percentage of modifier would have been
used, a smaller u0,opt and steeper C-term would have been observed.
4.4. Kinetic-performance limits in SFC
4.4.1. Comparison of the different SFC methods
The final goal of this work is to determine the correct kinetic performance limits of
a SFC system (KPL curves) to allow comparison with HPLC separations for the same
sample compounds and under conditions of identical k. For the variable-L method, the
measured values of t0, tR, N and np can simply be plotted because they all correspond to
the same maximum column pressure drop used in the experiments and have the same in-
and outlet pressure. The choice of this pressure drop determines the cost and the time
required to execute the experiments because an increase of pressure drop requires longer
columns. To keep the cost (column purchase) and the analysis time within acceptable
limits, it was preferred to work with a pressure drop of only 40 bar (far below the actual
limit of the system and the column) to compare the different SFC methods. The data
of the traditional and the isopycnic method were extrapolated to the pressure drop limit
of 40 bar (∆pcol,max = 40 bar) by using Eqation III.25 to Eqation III.30.
Figure VI.6 shows the KPL curves (as t0,KPL as a function of NKPL in Figure VI.6 A and
as tR,KPL as a function of np,KPL in Figure VI.6 B) for the three different SFC perfor-
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mance measurement methods for the last eluting compound, dibenzo(a,h)anthracene,
(Figure VI.6 A) and for the entire sample (Figure VI.6 B). The results show that, in
agreement with the observations in Figure VI.3 and Figure VI.4, the fixed column length
plate height measurement method is clearly not suited to predict the kinetic performance
limits of an SFC system. The curve of the isopycnic method is close to the curve of
the variable-L method, showing once again that this method is a good (and more prac-
tical) alternative for the variable-L method. The deviation of the traditional curve in
Figure VI.6 B compared to the variable-L curve is, as mentioned in section 4.3. from
this chapter, mainly due to the dependence of k of the flow rate. This can be seen by
comparing Figure VI.3 with Figure VI.6 B: for flow rates higher than 4 mL/min, the
traditional KPL curve is situated at lower tR and lower np both due to the lower k value
that is recorded at this high flow rate. For flow rates lower than 4 mL/min the opposite
behavior is observed: KPL data of the conventional method are situated at higher tR
and np because of the (much) higher k values that were recorded at this low flow rates.
The isopycnic method would therefore be the method of choice because it delivers qual-
itatively and quantitatively almost exactly the same results as the variable-L method,
but in a shorter time (tR ∼ L) and at a much lower cost (only one column needed vs.
an extensive set of columns). It is therefore this method which is used to examine the
effect of average pressure and pressure drop on the kinetic plots.1
4.4.2. Effect of average pressure and pressure drop on kinetic performance in SFC
The isopycnic kinetic plot is a handy tool to compare the kinetic performance of an SFC
system at different average column pressures and different pressure drops. Figure VI.7
shows a comparison of isopycnic KPL curves that were measured at different average
column pressures but for the same ∆pcol,max (i.e. 40 bar). The curves for pav = 163
bar are the same as the isopycnic plots in Figure VI.6. In Figure VI.7 A, the curves
for the highest average pressures are overlapping. At the lowest average pressure, some
efficiency losses seem to occur for this compound (curves shift to the left). For the other
components, the t0 vs. N curves overlap for the different pressures (results not shown),
so this efficiency loss appears to be component dependent and is in this case limited to
1It should be noted that the error margins (relative standard deviations (RSD)) on the data repre-
sented in the kinetic plots in Figure VI.6 and further are identical to the RSD values observed in the
van Deemter curves represented in Figure. VI.4. This as the kinetic plots were constructed as linear
extrapolations of the van Deemter-curve data as outline in equations III.26 to III.31 and in Figure. III.4.





























Figure VI.7: Isopycnic kinetic plots of SFC measurements for ∆pcol,max = 40 bar with different
pav. (A): t0,KPL as a function of NKPL (dibenzo(a,h)anthracene); (B): tR,KPL as a function of
n0pKPL. Black squares: pav = 140 bar. Green triangles: pav = 163 bar. Red circles: pav =
200 bar. Blue diamonds: pav = 240 bar.
the last eluting one. Figure VI.7 B on the other hand presents the plot of total analysis
versus peak capacity. In this case the resulting curves shift towards lower tR and np as
the average pressure increases. This is a logical consequence of the decreasing k that
was found for increasing average column pressure. This decreases the analysis time (tR)
but also reduces the elution window, thus limiting the achievable peak capacity.
The crossing of the curves for pav = 140 and 163 bar can however not be explained by
the effect of pressure on retention. Other experiments at higher ∆pcol,max but the same
pav (163 bar) indicated that this is most likely due the low pressure near the outlet of
the column (see also Figure VI.8 further on). This is in agreement with earlier results
of Tarafder et al. [9,10] and Poe et al. [6], who found that when operating at pressures
close to the critical point, significant efficiency losses can occur due to radial temperature
profiles. These are a result of the high compressibility of the mobile phase under these
conditions and can be expected to be pronounced in the employed set-up because a
forced air oven and 4.6mm ID columns were employed. The efficiency loss is largest at
high flow rates because here the lowest back pressures and hence lowest column outlet
pressure occurs. This can be seen from the fact that the curve for pav = 140 bar crosses
the curve for pav = 163 bar in the high flow rate regime. The combination of a low
average pressure and high flow rates, resulted in low values of p4 that were used for the
measurements of these data points (p4 = 77 bar for the measurement at 5 ml/min for an
average pressure of 140 bar). This confirms the observation [9,10] that is recommended
to work at high enough average pressure and back pressure to avoid efficiency losses,
94
Design and Evaluation of Various Methods for the Construction of
Kinetic-Performance Limit Plots for Supercritical Fluid Chromatography
especially when the column are not thermally insulated.
For the isopycnic kinetic plot construction in Figure VI.6 and Figure VI.7, the data are
extrapolated to a ∆pcol,max that is the same as the maximum ∆pcol,exp value, correspond-
ing to the highest experimental flow rate (5 mL/min), which was also the ∆pcol,exp for
the coupled column experiments. However, one of the advantages of the kinetic plot
method in HPLC is that it also allows to easily scale the kinetic performance limit
to other (higher) operating pressures, by simply changing the values of ∆psys,max in
Equation III.30. This would be convenient because one could extrapolate data that is
recorded for a certain ∆pcol,max (e.g. 40 bar on 25 cm column) to any value using the
KPL equations. In order to verify if this still holds in SFC, isopycnic kinetic plot curves
were first experimentally determined for a ∆pcol,max of 80 bar. The data obtained at for
∆pcol,max of 40 bar could then extrapolated to 80 bar and vice versa. This was done
for two different average operating pressures (Figure VI.8 A and B: pav = 163 bar and
Figure VI.8 C and D: pav = 200 bar). The curve for ∆pcol,max = 80 bar was measured
by applying the same flow rates on a 50 cm column starting again with the highest flow
rate (5 mL/min).
The full lines and symbols in Figure VI.8 show the experimental isopycnic data, where the
dotted lines and open symbols show the extrapolation from ∆pcol,max 40 bar to 80 bar and
vice versa. The predictions are very poor for the case of pav = 163 bar (Figure VI.8 A and
B) due the efficiency losses that occur at high flow rates for ∆pcol,max = 80 bar. However,
for the case of pav = 200 bar (Figure VI.8 C and D), a good overlap of the curves is
found, showing that if the average column pressure is high enough (or equivalently,
the reduced density of the mobile phase is high enough [9]) the extrapolation to other
(higher) operating pressures is allowed.
For pav = 200 bar (Figure VI.8 C and D) the expected behavior for the kinetic perfor-
mance limit is found, i.e. every data point shifts towards higher performance for a higher
available column pressure drop. However, for the case of pav = 163 bar (Figure VI.8 A
and B), the curve for ∆pcol,max = 80 bar crosses the curve for ∆pcol,max = 40 bar in the
high flow rate region, corresponding to the region in which the extrapolation to another
operating pressure is not valid. Again, for the ∆pcol,max = 80 bar case at pav = 163 bar,
the applied back pressure was very low for high flow rates (p4 = 80 bar at 5 mL/min)
and a large efficiency loss was observed. This caused poorer performance at the same
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Figure VI.8: Isopycnic kinetic plots of SFC measurements for different pressure drop limits at
different pav. (A) pav = 163 bar; t0,KPL as a function of NKPL (dibenzo(a,h)anthracene). (B)
pav = 163 bar; tR,KPL as a function of np,KPL. (C) pav = 200 bar; t0,KPL as a function of
NKPL (dibenzo(a,h)anthracene); (D) pav = 200 bar; tR,KPL as a function of np,KPL. Full red
circles: ∆pcol,max = 80 bar (measured on 50 cm column). Open red circles: ∆pcol,max = 40
bar (measured on 50 cm column; result from extrapolated data of full red curve). Full black
squares: ∆pcol,max = 40 bar (measured on 25 cm column). Open black squares: ∆pcol,max =
80 bar (measured on 25 cm column; result from extrapolated data of full black curve).
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Figure VI.9: Comparison of isopycnic kinetic plot of SFC with kinetic plot of HPLC. Blue
circles: HPLC, ∆psys,max = 400 bar. Red squares: SFC, ∆pcol,max = 80 bar, pav = 200 bar.
Green triangles: ∆psys,max = 150 bar, pav = 200 bar. Black diamonds: ∆psys,max = 200 bar,
pav = 200 bar.
4.4.3. Comparison of SFC and HPLC
In Figure VI.9, the kinetic performance limit in SFC (data from the isopycnic method) is
compared with that in HPLC. The KPL curves are constructed using Equation III.25 to
Equation III.30 with a ∆psys,max value for HPLC of 400 bar. There are three SFC curves
plotted: one that is the same as the red full curve in Figure VI.8 C (pav = 200 bar and
∆pcol,max = 80 bar), one that is the result from an extrapolation of the same dataset to
a ∆psys,max of 150 bar and one that is the result of an extrapolation of that same dataset
to a ∆psys,max of 200 bar. These ∆psys,max result from the maximum pressure that can be
delivered by the CO2 pump (i.e. 300 bar) and the applied back pressure that is required
in SFC. A back pressure of 150 bar and 100 bar were chosen resulting in the respective
∆psys,max values of 150 bar and 200 bar. Note that the maximum pressure of 300 bar
is not a fundamental upper limit for SFC, but it is chosen because this is the practical
limit of the instrumentation used in this study. The first curve (red line) is plotted
to show the starting point of the other curves and is not suited for the comparison of
the SFC and HPLC system performance. The green and black curve result, in contrast
to the red curve, from extrapolating the data to a ∆psys,max value. In the high speed
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region (short analysis time), the SFC system shows a better kinetic performance than
the corresponding HPLC system. This shows that SFC can be the method of choice
for high speed separations. On the other hand, the SFC curves cross the HPLC curve
at an intersection point that depends on the available system pressure, which in turn is
determined by the chosen back pressure and pressure limitation of the instrument. As
a result, SFC is not capable of achieving the same kinetic performance as HPLC in the
very high efficiency region. These findings are consistent with the theoretical predictions
made in the Introduction section and with the recently theoretically constructed kinetic
plots by Gritti and Guiochon [11] that compare the performance limits of HPLC and
SFC. The smaller advantage of SFC over HPLC on Figure VI.9 compared to Figure 4
in [11] is a result of the fact that the same 400 bar pressure was assumed for both
system in [11], where Figure VI.9 takes into account the required back pressure and is
considered for a system with an upper pressure limit of 300 bar.
So, although it could be expected that the kinetic performance in SFC is much higher in
HPLC due to the much lower viscosity of supercritical fluids compared to the viscosity
of liquids (similar to high temperature HPLC), other factors, such as the required back
pressure and the lower maximum operating pressure have to be taken into account. As
already mentioned, this results in a substantially lower ∆psys,max in SFC compared to
HPLC. In addition, the much higher diffusion coefficients in SFC conditions (Dmol ∼
η) require the column to be operated at higher mobile phases velocities to reach the
optimum efficiency. The much flatter C-term under SFC conditions however allows
much better kinetic performance for fast and low to medium efficiency separations.
It is important to keep in mind that in this work, the SFC mobile phase consisted of
almost pure CO2. Adding considerable amounts of liquid modifier (10 to 40 %) to the
mobile phase, as is done in most practical SFC applications and is a subject for future
research, will influence (decrease) the kinetic performance due to the increasing mobile
phase viscosity with increasing modifier content. As a result the kinetic performance
limits will most likely be closer to or even lower than those of HPLC, especially when
taking the ultra-high pressure capabilities of state-of-the-art UHPLC instruments into
account. It is however also very challenging to maintain an uniform comparison of
SFC and HPLC because the kinetic performance limit of an SFC separation is highly
influenced by the applied back pressure, the temperature and the amount of modifier.
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5. Conclusions
The traditional method to measure performance in SFC as a function of flow rate appears
to be incorrect because of the increase of retention with decreasing average pressure
in the column. It is however possible to measure the performance of SFC separations
as a function of the flow rate while keeping k constant. This can be done by varying
the column length along with the flow rate. This allows to keep the inlet-, outlet- and
average column pressure constant for all flow rates. Because this fundamentally correct
method is practically not useful, an excellent approximation consists of measuring the
performance as a function of the flow rate on a fixed column length while applying a
variable back pressure in order to maintain a constant average column pressure (and
thus a constant average mobile phase density). This isopycnic way of working shows to
lead to van Deemter plots and kinetic performance limit plots that are very close to the
variable-L plots, combining this with the same easiness of use of the traditionally used
method where the flow rate is changed on a fixed column length and back pressure. The
isopycnic way of working also allows the construction of kinetic plots for different values
of some important experimental parameters such as the average column pressure. The
kinetic plots obtained in the present study show some of the difficulties that appear while
working with CO2 based mobile phases because of the fact that the kinetic performance
of SFC is highly influenced by the experimental conditions.
This work presents for the first time an unbiased and reliable experimental comparison
of the kinetic performance of an HPLC and SFC system. The claim that SFC can deliver
higher efficiencies in shorter times due to the lower viscosity of the mobile phase, only
holds to a certain point. This is due to the fact that the ∆psys,max is much smaller
in SFC compared to HPLC due to the limited operating pressures of state of the art
CO2 pumps and the requirement to apply a back pressure that should be set to a high
enough value to avoid efficiency losses. Also, current ultra-high performance LC (UPLC)
instrumentation is capable of operating at much higher pressures than 400 bar (up to
1200 bar can be reached).
Following this work in the past years, Perrenoud et al. [12] constructed kinetic per-
formance limit plots for SFC separations on columns packed with different fully-porous
particles. They used these kinetic plots to evaluate the usefulness of those columns in
combination with the state-of-the-art instrumentation. They constructed experimental
kinetic plots using the traditional method for different modifier amounts (2 % to 19 %
MeOH) and evaluated the correctness of their extrapolations by coupling columns and
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measuring the efficiency on these long columns. A good agreement was found between
extrapolation and measured N for L up to 400 mm (longer columns would deliver less
reliable results but are not possible to achieve on contemporary instrumentation). They
also evaluated the isopycnic method for 13 % MeOH and this showed similar results.
These authors propose the use of the traditional method. However, there is no reason
not to use the isopycnic method as it was shown in this thesis that it is more correct.
In 2013, De Pauw et al. [13] performed a theoretical study on the possibilities and lim-
itations of the different kinetic plot methods described in this chapter. They concluded
that the isopycnic plot method delivers correct results only when the pressure drop over
the column is low (50 bar) and when the compressibility of the mobile phase is low (i.e.
high amount of modifier in mobile phase). However, as they proved that the isopycnic
plot method is always better compared to the traditional method, the conclusions drawn
in this chapter remain valid.
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Application of the Isopycnic Kinetic-Plot
Method for Elucidating the Potential of
Sub-2 micron and Core/Shell Particles in SFC
In this work the isopycnic method to construct kinetic plots for SFC was used to in-
vestigate the performance limits of an SFC system when using sub-2 µm fully-porous
particles and sub-3 µm superficially-porous (core/shell) particles. This isopycnic kinetic
plot method for SFC was developed and tested in the previous chapter for SFC sepa-
rations on native silica with pure CO2 as mobile phase. SFC and HPLC van Deemter
and kinetic plots are constructed for columns packed with fully-porous particles with
various diameters and for a column packed with core/shell particles. The influence of
the experimental kinetic-performance limits of the particle diameter and morphology in
SFC is shown to be the same as in HPLC. Additionally, kinetic plot predictions were
constructed for separations on 1 µm and 0.5 µm particles using the data measured
on the 5 µm, 3.5 µm and 1.8 µm fully-porous particles. By doing this the potential
applicability of 1 µm particles on the contemporary SFC and HPLC systems was shown
but the use of 0.5 µm particles in SFC is irrelevant.
Published as: Application of the Isopycnic Kinetic Plot Method for Elucidating the
Potential of sub-2 µm and Core-Shell Particles in SFC. S. Delahaye, K. Broeckhoven,




It is a general assumption that SFC can be used with longer columns and smaller particles
than HPLC without the need for high pressure CO2 pumps [1-4]. This is due to the lower
viscosity of the mobile phase in SFC compared to the one in HPLC resulting in a smaller
pressure drop over the column. The boundary conditions of applicable column lengths
and particle sizes on contemporary instruments are, however, only rarely investigated and
therefore exploited. This is partially due to the fact that these limitations depend on
the viscosities of the mobile phases used. However, the most important reason for this
lack of knowledge is that, there was no possibility to measure the kinetic-performance
limits (KPL) of SFC separations in an accurate way.
In the previous chapter, the correctness of the isopycnic construction of kinetic plots in
a fast way for applications in SFC was corroborated. A comparison between the kinetic
performance limits in SFC and HPLC was made but the SFC separations were performed
on bare silica columns with only 1 % modifier and at 50  in order to work under the
most challenging conditions. The isopycnic kinetic plot method needs evaluation under
more realistic experimental parameters since SFC applications are typically performed
using organic modifier amounts between 10 % and 40 % [5]. Also, there is a growing
interest in the use of reversed phase columns in SFC [6-9] and therefore it is logical to
evaluate the possibility to construct isopycnic kinetic plots in SFC on C18 columns.
Recently, the possibilities of using sub-2 micron fully-porous [1,10,11] and sub-3 micron
superficially-porous particles [8,12-14] for SFC separations were investigated. It is, how-
ever, currently unclear where the performance limits of contemporary SFC systems are
when applying sub-2 micron fully porous and core/shell particles as there are only few,
if any, reports found in the literature that compare kinetic plots for SFC separations on
different particle sizes and porosity and no kinetic plot comparisons were made between
UHPLC and SFC separations on these particles. In the light of envisaging future 1 mi-
cron and sub-micron sized particle design, the boundary conditions of the use of current
state of the art particles require more unequivocal determination. As a consequence of
this, it is important to keep in mind that when smaller particles are used, working at
the kinetic performance limit of an SFC system would be accompanied by fairly high
pressure drops over the column. As was thoroughly investigated recently, this pressure
drops can result in rather high axial and radial temperature inhomogeneities due to the
trade-off between viscous heating and the cooling of the compressible mobile phase as
it decompresses in the column which in their turn can result in efficiency losses when
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the experimental parameters are not well chosen [15-23].
In this contribution the SFC isopycnic method is applied for the construction of SFC
based kinetic plots for smaller particle sizes and for core/shell type of particles. The
influence of particle size and morphology on the kinetic performance limit is investi-
gated for SFC separations on C18 columns using mobile phase compositions which are
representative of contemporary applications. Extensive comparison with HPLC and ex-
trapolations to future particle dimension are performed and applicability of the various
column formats is investigated for analytical analyses.
2. Experimental
2.1. Apparatus
SFC measurements were performed on a Jasco SFC system (Jasco Corporation, Tokyo,
Japan) equipped with following modules: Jasco PU-2080-plus HPLC pump, Jasco PU-
2080-CO2-plus CO2 delivery pump, AS-2059-SF-plus auto sampler for SFC, UV-2070-
plus UV-VIS detector with high pressure flow cell and BP-2080-plus automatic back
pressure regulator (BPR). For all SFC measurements, the columns were placed in a
polaratherm series 9000 (Selerity Technologies Inc., Salt Lake City, USA) oven set at
40 , with preheater at the same temperature and post column cooler temperature set
at 20 . Instrument control and data treatment were performed with the ChromNav
software (version 1.14.01).
The HPLC measurements were performed on an Agilent 1100 system (Agilent Tech-
nologies, Waldbronn, Germany) equipped with a DAD detector. HPLC measurements
were performed at room temperature. Chemstation software (version B.03.01) was used
for data treatment and instrument operation.
2.2. Chemicals
N48 grade CO2 was purchased from Air Liquide (Liege, Belgium). Methanol and ace-
tonitrile (both HPLC grade) were purchased from Biosolve (Valkenswaard, The Nether-
lands). Milli-Q water was prepared in house by a Water Purification Instrument of Mil-
lipore (Overijse, Belgium). Uracil, naphtalene, phenantrene, pyrene and benzo(a)pyrene




Agilent Zorbax SB-C18 columns (Agilent Technologies, Brussels, Belgium) of 250, 150
and 100 mm length packed with 5, 3.5 and 1.8 µm particles respectively were used
for the experiments with the fully porous packing material. A 100 mm Phenomenex
Kinetex XB-C18 column (Phenomenex, Utrecht, The Netherlands) packed with 2.6 µm
particles was used to evaluated the performance of core/shell material in SFC. The
internal diameter of all columns used in this chapter is 4.6 mm.
2.3.1. SFC experiments
For the SFC experiments, the mobile phases consisted of CO2/MeOH (90:10). The
column oven temperature was set at 40  and the average pressure in the column
was kept at 200 bar (see methodology section). The reason why 10 % of methanol
was used is because the desired retention factor of five for the last eluting compound
was reached with this modifier amount. Samples consisting of 100 µg/mL naphthalene,
phenanthrene, pyrene and benzo(a)pyrene were dissolved in methanol. The injection
volume was 2.4 µL for all SFC separations.
2.3.2. HPLC experiments
The mobile phase used on the columns packed with 5 µm, 3.5 µm and 1.8 µm fully-
porous particles was ACN/H2O (85:15). For the core/shell column a lower amount of
acetonitrile was used: ACN/H2O (79:21). The composition of the mobile phase was
chosen such that the retention factor k of the last eluting component would be the same
as in the SFC experiments (kB(a)P = 5). The HPLC measurements were performed at
room temperature.
The same four PAHs as for SFC were dissolved at 100 µg/mL in ACN/H2O (85:15).
Uracil was added at 20 µg/mL in order to determine the dead time t0. The injection
volume was 2 µL for the separations on the column packed with 5 µm particles and
1 µL for the separations on all the other columns. Detection was performed via UV
detection at 254 nm for both the SFC and the HPLC analyses.
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3. Methodology
In this work, all SFC van Deemter and kinetic plots were constructed using the isopycnic
method described in previous work making sure that the retention factor k is a constant
when varying the flow rate [24]. The average column pressure was set at 200 bar by
careful selection of the back pressure values for every SFC analysis. Since measurements
were recorded up to high flow rates (creating a significant extra-column pressure drop),
the pressure drops in the connection tubing before and after the column were also
measured as a function of flow rate in preliminary experiments. All displayed data
points are the average of three consecutive runs.
All ‘measured’ kinetic plots are the result of extrapolating the measured t0,exp and Nexp
values to the KPL values using the kinetic-performance limit (KPL) equations (Equa-
tion III.25 to Equation III.30).
4. Results and discussion
4.1. Column evaluation
Four PAHs were selected and separated by HPLC and SFC a various flow rates on C18
columns packed with decreasing particle sizes and with superficially porous particles. In
order to work under representative SFC conditions the mobile phase contained 10 %
organic modifier. From the resulting chromatograms, the plate heights as a function of
flow rate were obtained. By combination with the measured pressure data and the KPL
equations, the corresponding kinetic performance limit plots could be constructed.
Figure VII.1 represents chromatograms recorded on the column packed with 1.8 µm
particles under SFC and HPLC conditions, respectively. The compounds eluted in fol-
lowing order for both separation modes: naphthalene (1), phenantrene (2), pyrene (3)
and benzo(a)pyrene (4). It can be seen that a good peak shape and symmetry were
obtained for all compounds in SFC and HPLC. By careful selection of the respective
mobile phase compositions in both the same retention factor in SFC and HPLC was ob-
tained for the last eluting compound (kbenzo(a)pyrene = 5). The earlier eluting compounds
depict a slightly different k in HPLC, as it is impossible to independently change the
retention factor of the different compounds under isocratic conditions.









































Figure VII.1: Example chromatograms at optimal flow rate measured on the column packed
with 1.8 µm fully porous particles. (A) SFC separation of the components, FV = 3 mL/min,
pBPR = 139 bar, pav = 200 bar. (B) HPLC separation of the components, FV = 1 mL/min
(uracil not present in this chromatogram). Sample consisting of naphthalene (1), phenanthrene
(2), pyrene (3) and benz(a)pyrene (4).
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Figure VII.2: Comparison of van Deemter curves measured on the different columns for
benzo(a)pyrene in SFC (A) and HPLC (B). SFC curves are measured isopycnic with pav =
200 bar. Black squares: column with 5 µm fully-porous particles. Red circles: column with 3.5
µm fully-porous particles. Blue diamonds: column packed with 1.8 µm fully-porous particles.
Green triangles: column packed with 2.6 µm superficially-porous particles.
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in HPLC and SFC for benzo(a)pyrene. If the curves for the fully porous particles are
considered, it can be seen that for both techniques the plate height decreases and that
the optimal linear velocity (u0,opt) increases with decreasing particle size because of the
decreasing A- and C-term [25]. The corresponding C-term is significantly shallower in
the SFC experiments compared to HPLC as can be respectively seen in Figure VII.2
A and Figure VII.2 B. The steep slope of this term in HPLC for the 1.8 µm particles
is related to the effect of viscous heating and because of the use of a forced-air oven
[26,27]. The Hmin measured on the columns packed with 5 µm and 3.5 µm fully-porous
particles, was equal to 2dp. This was not the case for the column packed with 1.8 µm
fully-porous particles. As this is the case for HPLC and SFC, it is possible that the 1.8
µm column was not equally well packed as the 5 µm and the 3.5 µm column.
The curves measured on the column packed with superficially-porous particles coincided
closely to the curves measured on the column packed with 1.8 µm fully porous particles.
For HPLC this core/shell curve is situated at lower H values than the curve for fully-
porous 1.8 µm particles while for SFC, the difference between the curves is smaller. The
diffusion coefficients (Dmol) of the analytes are lower in HPLC compared to SFC and
as a consequence the relative importance of the lower resistance to mass transfer in
superficially porous particles, is accordingly higher in HPLC compared to SFC [28].
Figure VII.3 displays a comparison of the measured plate heights in both the HPLC
mode and the SFC mode for benzo(a)pyrene on the column packed with 1.8 µm fully-
porous particles. The higher diffusivity in supercritical fluids compared to liquids results
in a much higher optimal linear velocity in SFC (u0,opt,HPLC ≈ 1.9 mm/s, u0,opt,SFC > 8
mm/s).
As the only way to truly assess the performance of columns and systems involves the
incorporation of the pressure/permeability information, the kinetic plot method outper-
forms the van Deemter curve in terms of information it can provide. In previous work,
it was shown that the isopycnic way of working can deliver correct kinetic plots for SFC
separations with nearly pure CO2 as mobile phase on bare silica particles with a diameter
of 5 µm [24]. Using this isopycnic kinetic plot method for SFC separations, it is now
possible to compare the performance limits of columns with different particles (size and
morphology).
In Figure VII.4 the KPL curves (as t0,KPL as a function of NKPL) were constructed for
the last eluting compound, benzo(a)pyrene, for SFC (Figure VII.4 A) and HPLC (Fig-
ure VII.4 B), respectively. All curves are made using Equation III.25 to Equation III.30
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Figure VII.3: Comparison of SFC and HPLC van Deemter curves measured on the column
packed with 1.8 µm fully-porous particles for benzo(a)pyrene. Black squares: HPLC. Red
circles: SFC.
using a ∆psys,max value for HPLC equal to the limit of the columns (400 bar for the
columns packed with 3.5 µm and 5 µm fully porous particles; 600 bar for the columns
packed with 1.8 µm fully porous and 2.6 µm superficially porous particles). The SFC
curves were constructed at a pav of 200 bar using a ∆psys,max of 200 bar. This ∆psys,max
results from the maximum pressure that can be delivered by the CO2 pump (i.e. 300
bar) and the applied back pressure that is required in SFC. A back pressure of 100 bar
was selected resulting in the ∆psys,max value of 200 bar. Note that the maximum pressure
of 300 bar is not a fundamental upper limit for SFC, but that it is the practical limit of
the instrumentation which was used in this study.
For both SFC and HPLC, the same (expected) results are seen. Due to the dependency
of the pressure drop over the column with the inverse of the square of the particle
diameter, small particles can be used for fast separations and the larger particles can
be used to reach very high efficiencies as is consistent with the findings of Gritti and
Guiochon who measured Poppe plots for different particle sizes in HPLC (Figure 11 in
[29]). For SFC, comparable behavior could be expected and Figure VII.4 A shows the
isopycnic kinetic plots measured on the columns with different particles in SFC. The








































Figure VII.4: Comparison of kinetic-performance limit curves measured on the different
columns for benzo(a)pyrene in SFC (A) and HPLC (B). SFC curves are measured isopycnic
with pav = 200 bar. Symbols as in Figure VII.2.
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Figure VII.5: Comparison of SFC and HPLC kinetic performance limit curves measured on
the column packed with 1.8 µm fully-porous particles for benzo(a)pyrene. Symbols as in
Figure VII.3.
larger particles can deliver very high efficiencies when long analysis times are used. This
results are consistent with the recent findings of Gritti and Guiochon who constructed
theoretical Poppe plots for different particle sizes in HPLC and SFC using a pressure
drop over the column of 200 bar [30]. Since the 2.6 µm superficially porous particles
generate around the same plate heights as the fully porous 1.8 µm particles, but deliver
less pressure drop over the column due to a higher column permeability, the curve of
the column packed with core/shell particles is in the vicinity of the 3.5 µm curve in
both Figure VII.4 A and Figure VII.4 B. The gain in kinetic performance of the kinetex
column compared to the columns packed with fully porous particles is larger in HPLC
than in SFC, which is again due to the lower diffusion coefficients of benzo(a)pyrene in
the liquid mobile phase compared to the one in the supercritical fluid mobile phase [28].
Figure VII.4 proves for the first time that isopycnic kinetic plots can be used to compare
HPLC and SFC separations on different particle sizes and porosity. It also shows that
the effect of using small particles for SFC is the same as for HPLC and that the use
of core/shell particles in SFC can deliver the same advantages as in HPLC albeit to a
lesser extent.
In Figure VII.5, the kinetic performance limit of the column packed with the 1.8 µm fully
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porous particles in SFC is compared with that in HPLC (this corresponds to an overlay
of the blue curves represented in Figure VII.4). The same conclusions as in Chapter VI
can be drawn: in the high speed region (short analysis time), the SFC system shows a
better kinetic performance than the HPLC system meaning that SFC can be the method
of choice for high speed separations. On the other hand, the SFC curves cross the HPLC
curve at an intersection point that is determined by the selected back pressure column
permeability and by the pressure limitation of the instrument.
As a result, SFC is not capable of achieving the same kinetic performance as HPLC in the
very high efficiency region if the same particle size columns are used These findings are
consistent with the recently theoretically constructed kinetic plots by Gritti and Guiochon
[29] that compare the performance limits of HPLC and SFC. The smaller advantage of
SFC over HPLC on Figure VII.5 compared to Figure 4 in [29] is a result of the fact that
the same 400 bar pressure was assumed for both systems in [29], where Figure VII.5 takes
into account the required back pressure and is considered for an SFC system with an
upper pressure limit of 300 bar and a HPLC system with an upper pressure limit of 600
bar. Also, the viscosity of the SFC mobile phase was calculated to be ‘only’ 3.67 times
lower than the viscosity of the mobile phase used in the HPLC separation. So, although
it could be expected that the kinetic performance in SFC is higher in HPLC due to the
lower viscosity of supercritical fluids compared to the viscosity of liquids (similar to high
temperature HPLC), other factors, such as the required back pressure and the lower
maximum operating pressure have to be taken into account. As already mentioned,
this results in a substantially lower ∆psys,max in SFC compared to HPLC. In addition,
the higher diffusion coefficients in SFC conditions (Dmol ∼ η) require the column to be
operated at higher mobile phases velocities to reach the optimum efficiency. The much
flatter C-term under SFC conditions allows, however, improved kinetic performance for
fast and low to medium efficiency separations.
4.2. Extrapolations to sub- micron particles
Currently, the fully porous particle sizes that are mostly used are around 1.7 − 1.8 µm
in diameter and they are packed in columns with small internal diameters around 2.1
mm and column lengths between 10 and 15 cm. The trend in particle size reduction
in HPLC is expected to continue considering the evolution of UHPLC systems allowing
now to be used up to 1,300 bar inlet pressure. The work by Jorgenson et al. has
illustrated the possibilities of performing liquid separations up to 6,000 bars, providing
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narrow capillary columns are implemented for efficient heat removal [31-33]. Although
prototype sub-micron type of particles have been described [34], thus far no such material
and corresponding UHPLC systems have been developed allowing to reach reduced plate
heights of 2 or smaller.
As it can be expected that these challenges will be easier to overcome with SFC and in
order to have an idea of the applicability of these very small particles on the instruments
used in this work, an extrapolation of the data measured on the column packed with
1.8 µm particles was performed to construct kinetic plot predictions for columns packed
with 1 µm and 0.5 µm particles. In order to be able to perform these extrapolations, it
was assumed that the reduced plate heights reachable with those small particles would
be comparable to the values measured on the column packed with 1.8 µm particles used
in this study and that the efficiency losses due to frictional heating and adiabatic cooling
in HPLC and SFC respectively, are at the same level as for the 1.8 µm column. Note
that it will be challenging to achieve these situations in real experiments.
4.2.1. General methodology
For the prediction of the pressure drop over the columns packed with small particles,
the measured ∆pcol,exp values per cm of column length on the columns packed with 5
µm, 3.5 µm and 1.8 µm were used. For each of these columns, the ∆pcol,exp/L depicted
a linear dependency on the linear velocity of the mobile phase (u0) consisting of 10 %
MeOH in CO2 in SFC and consisting of 15 % water in acetonitrile in HPLC:
∆pcol,exp
L
= A(dp) u0 (VII.1)
This A(dp) was plotted as a function of particle diameter and was fitted such that A(dp)
could be calculated for every desirable particle size. In that way, an extrapolated value
for ∆pcol,exp/L for every value of u0 could be calculated for every particle size.
The van Deemter data were extrapolated via the reduced plate heights and reduced
linear velocities. In this way, an extrapolation of the measured H and u0 values from
one particle size to any other size could be performed.
The predicted NKPL, t0,KPL and LKPL values were subsequently calculated using the KPL




4.2.2. Confirmation of correctness of general methodology
In order to obtain an idea of the viability of the extrapolation method, Figure VII.6
illustrates the extrapolation to 3.5 µm particles using the measured data on the column
packed with 5 µm particles (Figure VII.6 A) and to 5 µm using the measured data on
the column packed with 3.5 µm particles (Figure VII.6 B) for the SFC measurements.
In both cases, the respective measured curves are also shown and overlap closely to the
predicted ones. From this result, it can be concluded that it is possible to use data
measured on one particle size in order to predict the kinetic performance on another
particle size when both columns are equally well packed. The same extrapolations were
performed for the HPLC measurements resulting in the same conclusions (data not
shown).
Performing these extrapolations of pressure drop and van Deemter data measured for
5 µm particles to 1.8 µm particles would not result in the same overlap between the
measured 1.8 µm data and the predicted data. This results from the fact that the 1.8
µm column could not deliver the same reduced plate heights as the 5 µm column and
that the C-term for the HPLC measurements on the 1.8 µm column is steep due to
thermal effects (see Figure VII.2).
If, however, the predicted van Deemter data are adapted for these higher reduced plate
heights and steeper C- term, the prediction of the kinetic performance limit for parti-
cles that are three times smaller than the original particles, is justified. This can be
seen in Figure VII.7 where the predicted curve for 1.8 µm particles is the result of an
extrapolation of the pressure drop data from the 5 µm and 3.5 µm particles to 1.8 µm
particles combined with the measured van Deemter data on the 1.8 µm column. This
curve represents a very good overlap with the measured KPL curve on 1.8 µm particles.
The result for this extrapolation for HPLC is not shown but was similar.
4.2.3. Predictions for 1 µm an 0.5 µm particles
Figure VII.8 represents the result of the extrapolations in SFC (Figure VII.8 A) and
HPLC (Figure VII.8 B) from the measured data on the 1.8 µm column to 1 µm and
0.5 µm particles. The resulting extrapolated curves are compared with the experimental
curve on the column packed with 1.8 µm particles. For the same reasons as for the
curves in Figure VII.4 and Figure VII.5, the ∆psys,max was 200 bar for the SFC curves and
600 bar for the HPLC curves. Note that the curves for 1 µm and 0.5 µm particles were
116
Application of the Isopycnic Kinetic-Plot Method for Elucidating the Potential of





























Figure VII.6: (A) Predicted KPL curve for the column packed with 3.5 µm particles using the
data measured on the column packed with 5 µm particles; red circles: measured data on 3.5
µm particles; open black circles: predicted data for 3.5 µm particles. (B) Predicted KPL curve
for the column packed with 5 µm particles using the data measured on the column packed with
3.5 µm particles; black squares: measured data on 5 µm particles; open red squares: predicted

















Figure VII.7: Comparison of measured KPL data on the column packed with 1.8 µm parti-
cles (blue diamonds) with the predicted data (open red diamonds) on 1.8 µm particles using
measured van Deemter data on 1.8 µm particles and predicted ∆p data on 1.8 µm particles
from the measured pressure drop data on 5 µm and 3.5 µm particles. Curves are drawn for
benzo(a)pyrene.
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Figure VII.8: Comparison of the measured KPL data on the column packed with 1.8 µm
particles with predicted KPL data for 1 µm and 0.5 µm particles for benzo(a)pyrene in SFC
(A) and HPLC (B). Blue diamonds: measured data on 1.8 µm particles. Orange reversed
triangles: predicted data on 1 µm particles in SFC. Grey diamonds: predicted data on 0.5
µm particles in SFC. Red triangles: predicted data on 1 µm particles in HPLC. Green circles:
predicted data on 0.5 µm particles in HPLC. All SFC curves are constructed using a ∆psys,max




constructed assuming that they could be equally well packed as the 1.8 µm particles
and that the influence of the thermal effects is also the same as for the 1.8 µm column.
The results are as expected and in general, similar conclusions as in Figure VII.4 can be
drawn. Especially for the HPLC curves, the anticipated shift to lower t0,KPL and NKPL
values is noticed when evolving from larger to smaller particle size columns. This offers
the possibility to select an optimum particle size for every combination of N and t0 that
would be desired. In SFC, the kinetic performance limit of the column packed with 0.5
µm particles is systematically lower compared to the 1 µm particle columns. This is a
result from the fact that progressing more into the C-term of the 0.5 µm particles would
desire flow rates that result in extra column pressure drops exceeding the ∆psys,max of
the SFC system (200 bar).
Figure VII.9 is similar to Figure VII.5 as it compares the KPL plot for SFC and HPLC
for one particle size (1 µm in Figure VII.9 A and 0.5 µm in Figure VII.9 B). When the
full symbols are considered (∆psys,max = 200 bar for SFC (consistent with a pressure
limit of the CO2 pump of 300 bar), the comparison between HPLC and SFC for 1
µm particles delivers the same conclusions as in Figure VII.5 and Figure VII.9. The
comparison between SFC and HPLC cannot be generalized because the experimental
parameters used in the SFC measurements greatly influence the kinetic performance
limits. The choice of the mobile phase composition, temperature and average column
pressure determine the viscosity of the SFC mobile phase and thus the pressure drop
over the column. In this work, a mobile phase with a rather high viscosity was used in
SFC (the viscosity of the SFC mobile phase was only 3.67 times lower than the viscosity
of the mobile phase used in HPLC). Taking into account that the linear velocities in the
SFC measurements are around three times higher than in HPLC, the pressure drop over
the column in SFC is not that much lower than in HPLC. When this is combined with a
low pressure limit of the CO2 pump of 300 bar and a desired back pressure of 100 bar,
the resulting SFC curve does not reach the same high efficiencies as the HPLC curve.
For the 1 µm particles, the SFC curve does cross the HPLC curve when progressing into
the C-term region due to the flatter C-term in the SFC van Deemter curve which means
that for 1 µm partcles SFC is still better than HPLC for fast separations. This behavior
is not seen in Figure VII.9 B as the HPLC kinetic performance limit on the column with
0.5 µm particles is always higher than the SFC KPL. The reason for this is the same
as for Figure VII.8 A: the flow rates that would be necessary to reach the C-term for
the SFC separations on the 0.5 m column result in extra column pressure drops that
are higher than 200 bar (∆psys,max). The open symbols in Figure VII.9 show the KPL
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Figure VII.9: Comparison between the SFC and HPLC predicted KPL curves for 1 µm (A)
and 0.5 µm particles (B). Full symbols are as in Figure VII.8. Open orange reversed triangles:
SFC predicted KPL curve for 1 µm particles constructed using ∆psys,max = 500 bar. Open grey
diamonds: SFC predicted KPL curve for 0.5 µm particles constructed using ∆psys,max = 500
bar. Curves are drawn for benzo(a)pyrene.
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of the SFC separations when a system with a pressure limit of 600 bar would have been
used (resulting in a ∆psys,max of 500 bar). The situation of these curves with respect to
the HPLC curves indicate that the KPL of SFC can be higher than that of HPLC if the
instruments that are used have the same pressure limit. So in that case, SFC is always
a better choice over HPLC (on every particle size) even if a back pressure of 100 bar is
applied for the SFC measurements. Note, however, that performing HPLC separations
on sub- 1 µm particles with a pump that can only deliver 600 bar is also not realistic as
the pressure limits of modern UHPLC systems are higher than 1,000 bar.
The scope of this extrapolation work was to examine the possibilities of working with
smaller particles than currently commercially available on the instrumentation that was
used to measure on the columns packed with 5 µm, 3.5 µm and 1.8 µm particles.
Therefore it must be concluded that working with 0.5 µm particles in SFC is not ben-
eficial over working with these particles in HPLC (see Figure VII.9 B) or over working
with SFC on 1 µm particles (see Figure VII.8 A). The problem with working with 0.5
µm particles in SFC is also reflected when the optimal linear velocities are considered.
The pressure needed to percolate an SFC mobile phase consisting of 10 % methanol in
CO2 at optimal linear velocity (17.5 mm/s) through a 1 cm column packed with 0.5 µm
particles is 1,126 bar and the resulting efficiency would only be 6,350 plates (if the same
reduced plate height of 3.15 as for the measurements on the 1.8 µm column is consid-
ered). This pressure limit is double of what is currently possible with SFC instruments.
To mobilize a liquid mobile phase consisting of 15 % H2O in acetonitrile through the
same column at optimal linear velocity (6.8 mm/s), the pumps need to deliver only 680
bar) and the measured plate number would be 7,300 (when a reduced plate height of
2.75 is assumed). Pumping the same SFC and HPLC mobile phases through a 5 cm
column packed with 1 µm particles at optimal linear velocities (8.8 mm/s and 3.4 mm/s
respectively) requires 427 bar and 405 bar respectively. The measured plate heights are
in those cases 15,900 and 18,200 respectively for SFC and HPL.
5. Conclusions
Isopycnic van Deemter and kinetic plots were constructed for SFC separations on columns
packed with C18 particles of various diameters and with core/shell C18 particles using a
mobile phase with 10 % methanol as modifier. The average column pressure was set at
200 bar and the measurements were performed in a forced air oven at 40 . The same
experiments were repeated in HPLC at room temperature using a mobile phase that
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contained ACN and water (85:15). The influence of decreasing particle size on the SFC
van Deemter plots and the kinetic performance was the same as for HPLC and was for
the first time experimentally confirmed. Using smaller particles in SFC results in smaller
Hmin values and higher u0,opt values in the van Deemter plots. With the SFC kinetic
plots, it is possible to select an optimal particle size for every combination of efficiency
and analysis time that is desired in the same way as for HPLC. A comparison between
SFC and HPLC kinetic plots was made and the method of choice depends on the desired
efficiency and analysis time as the SFC kinetic performance limit curve crosses the curve
for HPLC.
This work is a confirmation that the isopycnic approach is valid to compare SFC with
HPLC and to compare SFC separations on columns with different pressure characteristics
(particle size and morphology) using realistic chromatographic conditions. For every
efficiency and analysis time, the optimal mobile phase (supercritical or liquid) and column
type can now be selected by constructing kinetic plots and comparing them. As the
isopycnic SFC kinetic plots are highly influenced by experimental parameters such as
average column pressure and pump pressure limits, a uniform comparison between SFC
and HPLC is not possible and it is very important always to evaluate the results of such
a comparison within the knowledge of the chosen experimental conditions.
The measured SFC and HPLC van Deemter data and pressure drop data on the columns
packed with 5, 3.5 and 1.8 µm particles were used to predict van Deemter data that
would be measured on a 10 mm column packed with 1 µm particles or 0.5 µm particles.
These predicted van Deemter data were extrapolated to the kinetic performance limits
on these particles by using the predicted pressure drop data. Hereby it was assumed
that the columns with the very small particles can be equally well packed as the 1.8 µm
particles and that the influence of the thermal effects is also the same as for the 1.8 µm
column. The final predicted kinetic plots for 1 µm and 0.5 µm particles used on the
same instrumentation as in the measurements on the other columns in this work, show
that working with 0.5 µm particles in SFC requires pressures that are much higher than
the pressure limits of current SFC instruments. The use of 0.5 µm particles in HPLC is
possible but only very short columns can be used. 1 µm particles show potential for SFC
and HPLC as the required pressures to pump the used SFC and HPLC mobile phases
through a 5 cm column packed with 1 µm particles at the optimal linear velocities (8.8
mm/s and 3.4 mm/s respectively) would be 427 bar and 405 bar respectively. Those
pressures are reachable with current state-of-the-art SFC and HPLC instrumentation. It
should be noted that the use of very short columns packed with sub- 1 µm particles can
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only be relevant if the extra-column volumes of the system are very small. It is difficult
to foresee the technical progress that can be made in the future, and therefore, it is
difficult to predict the relevance of using those small particles in real applications.
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Stationary-Phase Pre-Selection by Means of
In-Silico QSRR Predictions
In this chapter, an initial attempt is made to predict retention and selectivity of a set of
test compounds on different stationary phases using only the structural information of
these compounds obtained by in-silico calculations and the measured retention informa-
tion of a set of different compounds. A quantitative structure-retention relation (QSRR)
model is proposed based on arbitrary selection of a set of molecular descriptors. This
QSRR model is used for the prediction of the separation of two sets of test compounds




For pSFC separations, the stationary phase has the largest impact on the selecitivity
[1]. The fastest and cheapest procedure to select the best stationary phase for a given
separation problem, is to perform in silico retention-time prediction of the analytes on the
available stationary phases. In this way, no experimental screening steps are necessary
to select the best column. One of the tools to predict chromatographic retention is
quantitative structure-retention-time relationship (QSRR). With QSRR, the retention of
a large number of compounds is measured on several stationary phases using the same
mobile-phase composition. A set of molecular descriptors of the different compounds
is determined and chemometric methods are applied to find a relationship between the
retention and the values of the different descriptors:
logk = a1 +a2 x1 +a3 x2 + ...+ai+1 xi (VIII.1)
Where k is the retention factor, x1 to xi are the values of the molecular descriptors
of the analytes, and factors a1 to ai+1 are calculated by the optimized QSRR model
for a particular chromatographic system. When such a relationship is determined for
different systems (differing only in stationary-phase chemistry), it is possible to predict
the retention of any set of new analytes on the available stationary phases. However, the
prediction accuracy depends to a great extent on the choice of the specific descriptors.
As today thousands of those descriptors can be calculated via dedicated software, finding
the optimal set of descriptors is an important part of optimizing the QSRR model [2].
The chemometric approaches that are used most often in QSRR include multiple linear
regression (MLR) [3,4], artificial neural networks [5], and partial least squares (PLS)
[6]. More recently, other chemometric methods like classification and regression trees
(CART) have been described and compared in literature and the choice of this method
also determines the quality of the predictions [7].
QSRR has been used in SFC to elucidate retention mechanisms [8-11] and to classify
stationary phases using the linear solvation energy relationship (LSER) [1,12-15]. How-
ever, the use of LSER for retention prediction is less common as the prediction accuracy
of LSER is known to be generally modest [16]. Despite this fact some attempts have
been reported for the prediction of retention in GC [17,18], thin-layer chromatography
(TLC) [19], and cSFC [20], and West et al. used LSER to predict the pSFC separa-
tion of seven chlorotriazine pesticides on 36 different stationary phases [21]. Over the
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years, they have built a database of system constants of those stationary phases. This
allows prediction of retention factors on these systems of any new analyte of which
the molecular descriptors (E, S, A, B, and V ). Once retention prediction was obtained
for all available stationary phases, a standardized method for the selection of the best
phase is obtained by the use of Derringer‘s desirability functions [22]. Via the use of
this multi-criteria decision-making procedure, a ranking of the stationary phases can be
obtained according to their capability to separate the analytes. The correlation between
the predicted retention factors and selectivity and the measured values, is thereby fairly
high. Although, the ideal case where the correlation factors R2 are 0.999 for all station-
ary phases is rarely accomplished. This is illustrated by the fact that for some stationary
phases, a reversal of elution-order of two compounds with very similar structures can
be observed between prediction and measurement [21]. In addition, the LSER is ex-
pected to deliver less accurate predictios for complex pharmaceutical compounds with
highly similar molecular structures [23]. In order to be able to predict separations of
such compounds, another QSRR method than LSER, including more descriptors, would
possibly be a better choice. This is because the descriptor-set in LSER is fixed and it
is not possible to further optimize it. Therefore, the development of a QSRR method
where a more thourough optimization of the descriptor set and chemometric model is
applied, could deliver better prediction accuracy than the LSER for difficult separations
of structurally-similar pharmaceutical compounds.
In this work, a first step in this process is taken by performing retention prediction of
five steroids (test set) which are known to appear as related impurities next to each
other in synthesis of an active pharmaceutical ingredient (API). This was done for the
separation on three different sationary phases, using the measured retention data on
these phases of the 59 other steroids and sterols present in the initial set of compounds.
After calculation of thirteen selected molecular descriptors of the initial-set compounds,
a partial least squares (PLS) analysis was performed to model the dependency of the
retention on the values of these descriptors (i.e. solving Equation VIII.1 with i = 13).
Hereafter, a prediction of the retention of the test-set compounds (that were not part of
the initial set) was made using the modeled values of the factors a1 to a4 and the values
of the molecular descriptors of these test-set compounds. The predicted retention data
is subsequently compared with the measured retention data delivering an evaluation of
the accuracy of the retention predictions. This was performed for two different test sets
of compounds. In both cases, predictions for isocratic measurement of the retention as





All 64 steroids and sterols used in this work as analytes (listed in Table VIII.1) and
HPLC-grade methanol were purchased from Sigma-Aldrich (Bornem, Belgium). 4.8
grade CO2 was purchased from Praxair (Schoten, Belgium).
Three columns with different stationary-phase chemistry were used in this work and were
kindly provided by Waters (Zellik, Belgium). The first column was a bare-silica column:
Waters ACQUITY UPC2 BEH (100 x 3.0 mm; 1.7 µm dp). The second column was
an 2-ethylpyridine column: Waters ACQUITY UPC2 BEH 2-EP (100 x 3.0 mm; 1.7 µm
dp). The third column was an octadecyl silica (ODS) column: Waters ACQUITY UPC2
BEH C18 SB (100 x 3.0 mm; 1.8 µm dp).
All measurements were performed on a Waters ACQUITY UPC2 system that was kindly
provided by Waters (Zellik, Belgium). The system was equipped with a binary solvent
manager that possessed a 250 µL mixing chamber, an autosampler with a fixed loop
of 10 µL which is capable of performing partial-loop injections, a convergence manger
including the back pressure regulator, a column oven, and a photo diode array (PDA)
detector with an 8 µL flow cell. The wash solvent used for the injection system was
MeOH. Data acquisition and processing was performed using Empower® 3 V7.10 soft-
ware (2010, Waters, Milford, MA, USA).
Table VIII.1: Overview of the compounds used in this work. The numbers of the
compounds from the first test set are marked by TS1 and the compounds from
the second test set are marked by TS2.
Number Name MW (g/mol)
1 (TS1) 17 α -ethynylestradiol 296.40
2 (TS1) β -estradiol 272.38
3 (TS1) estriol 288.30
4 (TS1) estrone 270.37
5 (TS1) 17 α -ethynylestradiol 3-methylether 310.43
6 estradiol 17-valerate 356.50
7 progesterone 314.46
8 medroxyprogesterone 344.49
Continued on next page
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Table VIII.1 – Continued from previous page
Number Name MW (g/mol)
9 medroxyprogesterone 17-acetate 386.52
10 1-dehydroprogesterone 312.45
11 16-dehydroprogesterone 312.45
12 17 α -hydroxyprogesterone 17-acetate 372.50
13 hydroxyprogesterone caproate 428.60
14 ethisterone 312.45
15 19-norethisterone 298.42
16 norethisterone acetate 340.46
17 pregnenolone 316.48
18 (TS2) cortisone 21-acetate 402.48
19 (TS2) hydrocortisone 21-acetate 404.50
20 (TS2) hydrocortisone 362.46
21 (TS2) prednisolone 360.44
22 (TS2) cortexolone 346.46
23 11-dehydrocorticosterone 344.44
24 betamethasone 392.46
25 betamethasone 17-valerate 476.58
26 betamethasone 21-valerate 476.58
27 betamethasone 21-acetate 434.50
28 dexamethasone 392.46
29 dexamethasone 21-acetate 434.50
30 methylprednisolone 374.47
31 methylprednisolone acetate 416.51
32 prednisone 358.43
33 triamcinolone acetonide 434.50
34 beclamethasone 408.92
35 beclamethasone dipropionate 521.04
36 testosterone 288.42
37 testosterone acetate 330.46
38 testosterone 17-benzoate 392.53
39 testosterone caproate 442.67
40 testosterone undecanoate 456.70
41 testosterone hexahydrobenzoate 398.58
Continued on next page
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Table VIII.1 – Continued from previous page
Number Name MW (g/mol)
42 testosterone isocaproate 386.57
43 testosterone propionate 344.49
44 testosterone phenylpropionate 420.58
45 testosterone cypionate 412.60
46 methyl-testosterone 302.45
47 methyl-boldenone 300.44
48 norclostebol acetate 350.88
49 nortestosterone 274.40
50 nortestosterone decanoate 428.65
51 nortestosterone dodecanoate 456.70
52 nortestosterone acetate 316.43
53 nortestosterone phenylpropionate 406.56












The isocratic separations on the BEH and BEH 2-EP column were performed using
a mobile phase that consisted of 92 % of CO2 and 8 % of methanol. The isocratic
separations on the BEH C18 column were performed with a lower modifier amount of
5 % because the compounds were less retained on this stationary phase. All gradient
analyses were performed using the same linear gradient of methanol amount in the
mobile phase: 1 % to 13 % at 3 %/min. The column temperature and system back
pressure were respectively set at 40  and 120 bar for all measurements. Detection was
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Table VIII.2: List of molecular descriptors used in this work.
x Descriptor
1 Molecular weight (g/mol)
2 Molecular polarizability
3 Amount of H-bond acceptors





9 Molecular topolgical index




12 Total valence connectivity
13 Wiener index
performed by UV detection at 230 nm. All samples were dissolved at a concentration of
100 µg/mL in hexane/ethanol/methanol (7:2:1) in order to obtain good peak shapes.
A volume of 1 µL was injected and the mobile-phase flow rate of 3 mL/min was used
in all measurements.
Molecular descriptors of all compounds used in this work were calculated using a drawing
program (Chem3D Pro 14.0) except for the molecular polarizability which was calculated
on www.chemicalize.org. Table VIII.2 lists the thirteen molecular descriptors used in this
work. The QSRR method that was applied was partial least squares (PLS). A leave-one-
out cross validation (LOOCV) of this PLS algorithm was also performed for all cases.
These models were run in Matlab 8 4.
Predicted chromatograms are drawn using the POPLC® Optimizer software by intro-
ducing the predicted retention times. These chromatograms are compared with recon-
structed chromatograms obtained in the same way by introducing measured retention
times into the POPLC® Optimizer software.
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3. Results and discussion
A total of 64 compounds (steroids and sterols) were selected for this work. Table VIII.1
lists their names and molecular weight. Two test cases were designed, both in which
five structurally related steroids were selected as test set. In both test sets, the selected
compounds are pharmaceutical molecules that have similar structures and are known to
appear as impurities of each other during synthesis. Therefore, these case studies rep-
resent the realistic problem where one of these compounds is the active pharmaceutical
ingredient (API) and the other four are present as impurities. The selected compounds
of each test set are marked in Table VIII.1: TS1: test set 1, TS2: test set 2. Both test
cases were in their turn divided into two subcases: an isocratic and a gradient situation.
Therefore, the retention of all 64 compounds was measured on the three columns using
an isocratic method and a gradient method. Figure VIII.1 (isocratic) and Figure VIII.5
(gradient) depict the resulting overlays of chromatograms for these measurements. For
the sake of clarity, only a few peaks were labeled. It is clear from both Figure VIII.1 and
Figure VIII.5 that a certain degree of orthogonality is present between the stationary
phases.
3.1. Test case 1
3.1.1. isocratic elution
Test set 1 consisted of 17 α -ethynylestradiol, β -estradiol, estriol, estrone, and 17α
-ethynylestradiol 3-methylether. All 59 other compounds from Table VIII.1 accounted
for the initial set of this test case and the logarithm of the retention factor (logk) of
these compounds was modelled as a function of the 13 molecular-descriptor values using
a partial least squares (PLS) algorithm. In addition a leave-one-out cross validation
(LOOCV) of this PLS on the same initial set was performed for all three stationary
phases. The correlation factor of this LOOCV is an indication for the expected quality
of the retention prediction of the five new compounds of the test set. Figure VIII.2
depicts the result of the PLS and the LOOCV modeling as predicted logk versus the
measured logk for the measurements on the bare-silica column. For the other columns,
similar results were found. The correlation factors (R2) between predicted logk and
measured logk are depicted in Table VIII.3 for all PLS and LOOCV calculations.
The correlation factors of the LOOCV in Table VIII.3 give an estimate of the expected
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Figure VIII.1: Chromatograms measured on the three stationary phases with an isocratic
method. pBPR = 120 bar, T = 40 , flow rate: 3 mL/min. Mobile phase composition in
(A) and (B): CO2/MeOH (92:8), in C: CO2/MeOH (95:5). (A): bare silica column, (B): 2-
ethylpyridine column, and (C): ODS column. Peak annotations: 2: β -estradiol, 3: estriol, 20:


























Figure VIII.2: Test case 1: correlation graphs of predicted logk versus measured logk for
isocratic separation on the bare-silica column. (A): PLS, (B): LOOCV.
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Table VIII.3: Test case 1: correlation factors of the PLS and LOOCV on the
initial set with isocratic elution.
Stationary phase R2 PLS R2 LOOCV
BEH 0.8838 0.7901
BEH 2-EP 0.9120 0.8577
BEH C18 0.8028 0.5898
quality of the retention predictions of the test-set compounds. It seems that there is
a relatively large difference in prediction accuracy between the three stationary phases,
with the best correlation between predicted and measured log k values to be expected
for the 2-ethylpyridine column and the worst for the C18 column. In this respect, it is
clear that a careful optimization of the set of descriptors would be very likely to result in
a better model and thus in better correlation factors. Also, the model itself (PLS) was
arbitrarily chosen in this work. There are several alternative models that are possibly
better suited for these kind of predictions [7]. However, the comparison of different
models and the optimization of the descriptor set, was not the scope of this work.
The results of the PLS modelling for the three stationary phases, were used to calculate
log k values of the five new compounds from test set 1. Figure VIII.3 displays the
structures of these compounds in order to illustrate the structural similarity of these
molecules. The predicted logk values were compared with the measured logk values of
these compounds.
The measured and predicted retention times were used to reconstruct a predicted chro-
matogram of the separation of the five steroids on the three stationary phases. In
addition, a reconstructed chromatogram was drawn using the measured retention val-
ues of these compounds on the three phases using the same software for comparison.
These reconstructed chromatograms are plotted in Figure VIII.4 together with a plot of
predicted logk versus measured logk. When only these plots of logk versus logk are
considered, the predicted logk values seem in good agreement with the measured values.
Also these correlations are not worse than the correlation factors reported by West et al.
in their study on the prediction of SFC separations with LSER [21]. However, when the
reconstructed chromatograms are studied, it is clear that the measured retention window
on all stationary phases is larger than in the predictions. Also, for the 2-ethylpyridine






Figure VIII.3: Structures of the five compounds of test set 1. 1: 17 α -ethynylestradiol, 2: β
-estradiol, 3: estriol, 4: estrone, and 5: 17 α -ethynyl estradiol 3-methylether.
138
Stationary-Phase Pre-Selection by Means of In-Silico QSRR Predictions






























1 2 3 min
7










1 2 3 4 min
7




























-0,2 0,2 0,6 1 1,4

















R² = 0,97322 
Figure VIII.4: Reconstructed chromatograms based on measured (lower chromatograms) and
predicted retention times (upper chromatograms) for isocratic elution of 17 α -ethynylestradiol
(1), β -estradiol (2), estriol (3), estrone (4), and 17 α -ethynylestradiol 3-methylether (5). (A):
bare-silic column, (B): 2-ethylpyridine column, and (C): ODS column. Predicted logk plotted
versus measured logk is also inserted.
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Table VIII.4: Test case 1: correlation factors of the PLS and LOOCV on the
initial set with gradient elution.
Stationary phase R2 PLS R2 LOOCV
BEH 0.9115 0.8281
BEH 2-EP 0.8721 0.7960
BEH C18 0.8084 0.5971
Hence, the selectivity is not well predicted on these stationary phases. Looking back
to Table VIII.3, it is clear that for this test case, the correlation factors found for the
LOOCV results on the initial set of compounds, is not a good indication for the quality
of prediction of the five different compounds of the test set. This indicates that the
prediction accuracy is dependent on the compounds.
3.1.2. Gradient elution
As mentioned before, the same study was also performed using a gradient elution of the
compounds. Therefore, the retention of all compounds in Table VIII.1 was measured on
the three stationary phases using a mobile-phase gradient where the methanol percentage
was linearly raised from 1 % to 13 % at 3 %/min. Hereafter, the retention of the initial
set of compounds was modeled as a function of the values of the thirteen molecular
descriptors. It should be noted that in this case the logarithm of the apparent-retention
factor k∗ is used. The reason for this, is that for gradient elution, the eluting power of
the mobile phase changes in time which means that the retention factor at elution is
different for all compounds. Figure VIII.6 displays the result of the PLS and the LOOCV
modelling for the measurements on the bare-silica column.
The results on the other stationary phases were similar and the correlation factors R2
are listed in table VIII.4. However, as was seen in previous section, these values of R2
in most cases do not deliver a sufficiently accurate estimation of the prediction quality
of the test set. Using the modelled dependency of logk∗ on the values of the molecular
descriptors, the logk∗ values for the five test-set compounds are predicted. These
predicted values are again plotted versus the measured values and predicted versus
measured chromatograms are reconstructed in Figure VIII.7. From these results, the
same conclusions can be drawn as in the isocratic situation. Despite the fact that the
correlation factors are slightly lower as for the isocratic situation, predictions of the same
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Figure VIII.5: Chromatograms measured on the three stationary phases with a gradient
method. pBPR = 120 bar, T = 40 , flow rate: 3 mL/min. Mobile-phase composition
gradient: 1 % to 13 % in 4 min. (A): bare silica column, (B): 2-ethylpyridine column, and
(C): ODS column. Peak annotations: 3: estriol, 5: 17 α -ethynylestradiol 3-methylether, 20:




























Figure VIII.6: Test case 1: correlation graphs of predicted logk∗ versus measured logk∗ for
gradient separation on the bare-silica column. (A): PLS, (B): LOOCV.
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Table VIII.5: Test case 2: correlation factors of the PLS and LOOCV on the
initial set with isocratic elution.
Stationary phase R2 PLS R2 LOOCV
BEH 0.9343 0.8761
BEH 2-EP 0.9541 0.9222
BEH C18 0.8690 0.7171
quality as in [21] are reported here. However, both in case of an isocratic or a gradient
method, the prediction of the best stationary phase is not sufficiently trustworthy.
3.2. Test case 2
3.2.1. Isocratic elution
Because of the differences of the LOOCV correlation factors of the PLS on the initial set
and the correlation factors of the predicted log k versus measured log k of the test set
in test case 1, it is expected that the nature of the test compounds is largely influencing
the actual prediction result. In order to examine this influence of compound nature, a
second test set was defined and the above experiments were repeated for this set of
compounds. Test set 2 consisted of cortisone 21-acetate, hydrocortisone 21-acetate,
hydrocortisone, prednisolone, and cortexolone. The structures of these compounds are
depicted in Figure VIII.8. All 59 other compounds from Table VIII.1 accounted for
the initial set of this test case and the logarithm of the retention factor (logk) of the
compounds for isocratic elution in this initial set was modelled as a function of the 13
molecular-descriptor values by the use of a partial least squares (PLS) algorithm. The
results of this PLS and the additional LOOCV by means of a plot of the predicted log
k versus the measured logk of the initial-set compounds, are displayed in Figure VIII.9
for the isocratic elution on the bare-silica column. The results for the other stationary
phases are not depicted but are similar. The correlation factors (R2) of these PLS and
LOOCV modelling are found in Table VIII.5.
In the same way as was performed in test case 1, the retention of the five test-set com-
pounds was calculated and these values were used to reconstruct the chromatograms
of the separation of these compounds on the three stationary phases. These chro-
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Figure VIII.7: Reconstructed chromatograms based on measured (lower chromatograms) and
predicted retention times (upper chromatograms) for gradient elution of 17 α -ethynylestradiol
(1), β -estradiol (2), estriol (3), estrone (4), and 17 α -ethynylestradiol 3-methylether (5). (A):
bare-silic column, (B): 2-ethylpyridine column, and (C): ODS column. Predicted logk∗ plotted
versus measured logk∗ is also inserted.
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Figure VIII.8: structures of the five compounds of test set 2. 1: cortisone 21-acetate, 2:

























Figure VIII.9: Test case 2: correlation graphs of predicted logk versus measured logk for
isocratic separation on the bare-silica column. (A): PLS, (B): LOOCV.
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Table VIII.6: Test case 2: correlation factors of the PLS and LOOCV on the
initial set with gradient elution.
Stationary phase R2 PLS R2 LOOCV
BEH 0.8838 0.7901
BEH 2-EP 0.9120 0.8577
BEH C18 0.8028 0.5898
retention times. Along with these comparisons, the predicted log k versus the measured
log k is also plotted in Figure VIII.10. For these compounds, the predictions are less
accurate than for the isocratic situation in test case 1. This is easily seen from the sig-
nificantly lower correlation factors for the predicted log k versus measured log k, but also
in the fact that for every stationary phase, the measured elution order is different from
the predicted one. This means that for these compounds, the quality of the prediction
of the selectivity is even worse than compared to what was obtained for the compounds
in test set 1. This confirms the dependency of the prediction quality on the nature of
the test compounds.
3.2.2. Gradient elution
In the last part of this study, the retention of the test-set 2 compounds was predicted
via QSRR for the gradient elution on the three stationary phases. The same gradient
as in test-case 1 was used and the resulting correlation factors of the PLS and the
LOOCV modelling on the initial set are depicted in Table VIII.6. The calculated apparent
retention factors (k∗) of the five test-set compounds were compared with the measured
values in Figure VIII.11 by means of the reconstructed chromatograms and the plots
of predicted logk∗ versus measured logk∗. Again, in this situation, the accuracy of
retention prediction on the different stationary phases was not sufficient to select the
best stationary phase for the given separation problem.
4. Conclusions
In this work, a first attempt was made to predict the SFC separation of a set of phar-
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Figure VIII.10: Reconstructed chromatograms based on measured (lower chromatograms) and
predicted retention times (upper chromatograms) for isocratic elution of cortisone 21-acetate
(18), hydrocortisone 21-acetate (19), hydrocortisone (20), prednisolone (21), and cortexolone
(22). (A): bare-silic column, (B): 2-ethylpyridine column, and (C): ODS column. Predicted
logk plotted versus measured logk is also inserted.
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Figure VIII.11: Reconstructed chromatograms based on measured (lower chromatograms) and
predicted retention times (upper chromatograms) for gradient elution of cortisone 21-acetate
(18), hydrocortisone 21-acetate (19), hydrocortisone (20), prednisolone (21), and cortexolone
(22). (A): bare-silic column, (B): 2-ethylpyridine column, and (C): ODS column. Predicted
logk∗ plotted versus measured logk∗ is also inserted.
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some interesting results have been reported on the prediction of SFC separations using
LSER by West et al. [21], another QSRR model was selected in this work. However,
both the descriptor set and the chemometric model, were arbitrarily selected. Despite
this fact, some interesting results were found regarding the potential of using QSRR for
SFC-separation prediction.
The reported predictions were not sufficient to use the model (PLS combined with the
thirteen selected descriptors) as such for accurate separation predictions for the steroids
used as test compounds in this work. However, the separations that were selected here
to serve as test cases, were very challenging as. It was expected up front that a correct
prediction of such separations, would only be possible when a QSRR model was applied
that could deliver correlation factors for measured logk versus predicted logk of 0.9999
for all stationary phases. Only in this situation, an accurate prediction of the selectivity
is possible. In this regard, this work delivers a first step in the process of building such
a QSRR method. The results in this work indicate a large influence of the nature of
the compounds on the accuracy of the used prediction algorithm. This means that a
more carefully selected set of descriptors in combination with PLS would already result
in significantly better predictions. In contrast with the LSER, the QSRR method used
in this work shows more potential because it can be intensively optimized.
This optimization of the descriptor set and the chemometric model is a subject for
future research where automated algorithms might be developed to optimize the QSRR
model until it is capable of delivering highly-accurate predictions of challenging SFC
separations.
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Selectivity in Supercritical Fluid
Chromatography
In this chapter, the possibilities of performing stationary-phase optimized selectivity
supercritical fluid chromatography (SOS-SFC) are demonstrated with typical low density
mobile phases (94 % CO2). The procedure is optimized with the commercially available
column kit and with the classical isocratic SOS-LC algorithm. SOS-SFC appears possible
without any density correction, although optimal correspondence between prediction and
experiment is obtained when isopycnic conditions are maintained. As also the influence
of the segment order appears significantly less relevant than expected, the use of the
approach in SFC appears as promising as is the case in HPLC. Next to the classical
use of SOS for faster baseline separation of all solutes in a mixture, the benefits of the
approach for predicting as wide as possible separation windows around to-be-purified
solutes in semi-preparative SFC are illustrated, leading to significant production rate
improvements in (semi-) preparative SFC.
Published as: Implementing Stationary-Phase Optimized Selectivity in Supercritical





The performance of stationary-phase optimized selectivity liquid chromatography (SOS-
LC) for improved separation of complex mixtures has been demonstrated before [1,2].
A dedicated kit containing column segments of different lengths and packed with dif-
ferent stationary phases is commercially available together with algorithms capable of
predicting and ranking isocratic and gradient separations over vast amounts of possible
column combinations [3-15]. Implementation in chromatographic separations involving
compressible fluids, as is the case in supercritical fluid chromatography, had thus far not
been attempted. The challenge of this approach is the dependency of solute retention
with the mobile-phase density, complicating linear extrapolation of retention over longer
or shorter columns segments, as is the case in conventional SOS-LC.
A solution for the problem of variable retention with increasing column pressure was
found in Chapter IV where it has been shown that the so-called isopycnic approach has
a great value for the construction of experimental van Deemter curves and kinetic plots.
The variable column length method was thereby proved to be even more accurate to
construct kinetic plots but also highly unpractical and costly. Based on this information,
it was expected that constant retention factors can be measured as a function of column
length when the SFC separations are performed in an isopycnic manner. When this is
possible, accurate SOS-SFC predictions should be possible as long as all measurements
are performed at the same average column pressure. In this contribution, the principle
of isocratic SOS-SFC is introduced by optimizing the selectivity of the SFC separation
of fifteen steroids using the POPLink® Kit and Equation V.4.
The results obtained in the traditional, “HPLC” way of working are compared with
isopycnic and variable-flow-rate experiments. The influence of the stationary-phase
order is studied and in the last part of this contribution, the possibility to use the
SOSLC methodology to expedite the preparative purification of solutes via SOS-SFC
designed peak windowing, is investigated.
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Methylprednisolone, triamcinolone, cortexolone, β -estradiol, testosterone, methyltestos-
terone, testosterone propanoate, hydrocortisone, progesterone, nortesterone, testos-
terone phenlyl propionate, norethisterone acetate, medroxy progesterone 17-acetate,
dexamethasone, fluoxymesterone and HPLC-grade methanol were purchased from Sigma-
Aldrich (Bornem, Belgium). 4.8 grade CO2 was purchased from Praxair (Schoten, Bel-
gium).
The column segments and connecting pieces from a POPLC® Basic Kit 250-5 from
Bischoff Chromatography (Leonberg, Germany) were used. This kit contains five sta-
tionary phases: ProntoSIL C18 SH 2, ProntoSIL C18 EPS 2, ProntoSIL Phenyl 2, Pron-
toSIL C30, and ProntoSIL CN 2. For each of these stationary phases, column segments
with an internal diameter of 3 mm and a length of 10, 20, 40 (2x), 60, and 80 mm were
available. The column segments are packed with particles with a diameter of 5 µm. All
measurements were performed on a Jasco 2080 SFC system (Jasco Corporation, Tokyo,
Japan). A Polaratherm series 9000 from Selerity Technologies (Salt Lake City, USA)
was used as column oven.
The predictions of the optimal column-segment combinations were performed with the
POPLC® Optimizer Software from Bischoff Chromatography (Leonberg, Germany).
2.2. Methods
All chromatographic separations were performed using a mobile phase that consisted
for 94 % of CO2 and for 6 % of methanol in order to have sufficient but not too much
retention of the compounds on the chosen stationary phases. Detection was performed
by UV detection at 230 nm and the column oven and pre-heater were set at 40 .
Note that under these conditions, the mobile phase is not a true supercritical fluid.
However, we refer to the separations as SFC separations as is widely accepted. All
sample compounds were dissolved in methanol at a concentration of 67 µg/mL unless
stated otherwise. A volume of 2.4 µL was injected in all measurements.
Columns of 150 mm long were used for the basic measurements on the pure stationary
phases. As the pressure drop over these columns was more or less the same for all sta-
tionary phases, all basic measurements were performed using a flow rate of 1.3 mL/min
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and a back pressure of 150 bar. In the POPLC® Optimizer software, the maximum
column length was set at 250 mm and a required resolution of 1 was chosen.
3. Results and Discussion
3.1. Preliminary investigation
In order to find the actual dependency of the retention factor k as a function of the
column length in SFC, retention tests were performed on the C30 stationary phase
of the POPLC® Basic Kit under isocratic conditions. The retention factors of three
compounds were thereby measured on five different column lengths and in three dif-
ferent ways under typical packed column SFC conditions at the high end side of the
compressibility range (i.e. with low percentages of organic modifier).
In the traditional approach, identical operating conditions were used for all column
lengths. Hence the applied flow rate and the pressure set by the back-pressure regulator
were kept constant (the inlet pressure was thereby variable). In the isopycnic approach
the flow rate and the average pressure in the column were kept constant. This was
achieved by lowering the outlet pressure set by the back-pressure regulator for the longer
columns such that in all experiments identical average pressures are obtained. In the
variable-flow rate approach the flow rate was reduced for longer columns such that
identical inlet and outlet pressures were obtained for all column lengths.
Figure IX.1 displays the measured dependency of k with column length for the differ-
ent scenarios. In all three of them, k is increasing with increasing column length as
long as the column length is lower than 150 mm. Both the influence of the relatively
larger extra-column void volumes involved in the use of the shorter columns and the
comparatively larger influence of the eluotropic strength of the injection solvent can
explain this observation. The former effect can be present because the obtained k val-
ues were calculated without taking the extra-column residence time into account. On
the other hand when the column is 150 mm or longer, k shows a modest decreasing
trend with increasing column length. The fact that there is an effect of increasing k
with increasing L (which is more pronounced for the short columns) in combination
with the effect of decreasing k with increasing L (due to the higher average pressure
in the longer columns) result in a less pronounced net decrease of k with increasing L
as was observed in Chapter VI where the k was plotted as a function of flow rate on a
fixed column length. From Figure IX.1 it can be concluded that the variation of k with
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Figure IX.1: Variation of retention factor k on the C30 stationary phase as a function of
column length. Blue diamonds: β -estradiol; red squares: testosterone phenylpropionate;
green triangles: progesterone. (A): traditional: flow rate: 1.3 mL/min; pBPR: 150 bar; pav:
variable. (B): isopycnic: flow rate: 1.3 mL/min; pBPR: variable; pav: 161 bar. (C): variable
flow rate; pBPR: 150 bar; pav: 161 bar.
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L is higher in the situation where the measurements are performed in the traditional
way compared to the isopycnic and variable way.. Based on these results, the columns
used for the basic measurements were chosen to be 150 mm long. From Figure IX.1 it
cannot be concluded that extrapolations from these basic measurements to separations
on combined-column combinations longer than 150 mm will be sufficiently accurate.
However, it can be concluded that these predictions will be most accurate when the
measurements are performed at the same average pressure (isopycnic) or at the same
inlet and outlet pressures of the basic columns (variable). Alternatively, the length of
the combined-column combination could also be fixed to 150 mm. In this situation,
providing that the permeability of segments is comparable, no difference in average col-
umn pressure and density between the basic measurements and the measurements on
the combined column can be expected. As 3,876 different column combinations with a
total length of 150 mm can be assembled, there is also a very reasonable chance that
combined 15 cm columns can be assembled delivering an improved separation compared
to the pure stationary phases.
3.2. Retention measurements on the pure stationary phases
As mentioned, the first step in the SOS-SFC procedure is to measure the retention
factors of the fifteen sample compounds on the five individual stationary phases. This
was performed on columns of 150 mm in length using a flow rate of 1.3 mL/min and a
back pressure set at 150 bar. The resulting pressure drop over the C30 stationary phase
was 21 bar and the average column pressure was 161 bar. Similar pressure drops and
average-pressure values were measured on the other columns.
The chromatograms of these measurements in Figure IX.2 show that the compounds
can be roughly divided into three groups based on the retention on all five stationary
phases: a group of early eluting compounds (peak annotations in blue in Figure IX.2), a
group of late eluting compounds (peak annotations in green in Figure IX.2), and a group
that contains the compounds that elute in between these two groups (peak annotations
in red on Figure IX.2). Despite these similarities, some minor but relevant differences
in selectivity between the stationary phases can be observed. These differences, visual-
ized by dotted lines connecting the same peaks of the late eluting group in Figure IX.2,
indicate a certain degree of orthogonality between these different reversed-phase station-
ary phases. The most important conclusion is that none of the five stationary phases
are capable of a full separation of the fifteen compounds under the applied conditions.
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Figure IX.2: Chromatograms of the separations on the pure stationary phases. Flow rate: 1.3
mL/min; pBPR: 150 bar. Solutes: 1: methylprednisolone; 2: triamcinolone acetonide; 3: cor-
texolone; 4: β -estradiol; 5: testosterone; 6: methyl-testosterone; 7: testosterone propionate;
8: hydrocortisone; 9: progesterone; 10: nortestosterone; 11: testosterone phenylpropionate;




However, the selectivity differences between the phases do indicate that there is a fairly
good chance that a combination of at least two of the stationary phases will be able to
separate all compounds.
3.3. Separations on combined stationary phases
The chromatographic data gained in the basic measurements were introduced in Equa-
tion V.4 (via the POPLC® Optimizer software) in order to obtain the best stationary-
phase combination with a maximum total length of 250 mm on which all compounds
are separated. The resulting predicted stationary-phase combination is 10 mm C18 SH
2 + 30 mm Phenyl 2 + 40 mm CN 2 + 170 mm C30. Note that the stationary-phase
order proposed by the software is thereby arbitrarily defined, as considered irrelevant in
isocratic HPLC. The predicted chromatogram in Figure IX.3 shows that a full baseline
separation of all compounds is not expected for columns lengths limited to 25 cm, due
to the fairly low retention of several solutes under the applied conditions and due to
lower than optimal measured column efficiencies under the used conditions. However,
the proposed separation is still acceptable as the resolution of the critical peak pair
(testosterone propionate and norethisterone acetate: compounds 7 and 12) is estimated
to be 1.054.
In the next step, the above-mentioned column was assembled and experimental chro-
matograms were measured and compared with the predicted one in Figure IX.3 B to
Figure IX.3 D. At first, a separation was performed at the same flow rate (1.3 mL/min)
and back pressure (150 bar) as in the measurements on the pure stationary phases. This
implies that the average column pressure and density were higher than in the basic mea-
surements which explains why the retention times in the experimental chromatogram
in Figure IX.3 B are all shifted to lower values. On the other hand, lowering the back
pressure in order to obtain an average column pressure on the combined column that is
the same as on the basic columns (161 bar) results in more accurate predictions of the
retention times. This can be seen in Figure IX.3 C where the chromatogram of the so
called isopycnic measurement is plotted.
In both experimental chromatograms the resolution between compounds 2 and 4 and
compounds 14 and 8 is less than predicted. For all other compounds, the elution
profile is the same as in the prediction. The (minor) discrepancies between prediction
and experiment are attributed to suboptimal practical column efficiencies under the
experimental conditions which were used. Notwithstanding these two inconsistencies,
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Figure IX.3: Predicted and experimental chromatograms on the combined stationary phases:
10 mm C18 SH 2 + 30 mm Phenyl 2 + 40 mm CN 2 + 170 mm C30. (A): predicted
chromatogram. (B): experimental traditional chromatogram: flow rate: 1.3 mL/min; pBPR:
150 bar; pav: 169 bar. (C): experimental isopycnic chromatogram: flow rate: 1.3 mL/min;
pBPR: 120 bar; pav: 161 bar. (D): Experimental variable chromatogram: flow rate: 0.78
mL/min; pBPR: 150 bar; pav: 161 bar. Peak annotations as in Figure IX.2
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the results largely illustrate that it is possible to predict elution profiles of isocratic
SFC separations on stationary-phase combinations based on measurements performed
on the pure stationary phases using Equation V.4. The analogy between experiment
and prediction of the absolute retention times is highest when working in an isopycnic
manner compared to working in a traditional way. However, if only the elution profile is
concerned, both methods deliver comparable levels of agreement with the prediction.
A similar result as in Figure IX.3 C is found in Figure IX.3 D. Here, the chromatogram
that was measured on the same column combination at a flow rate of 0.78 mL/min
and a back pressure of 150 bar is displayed. At these conditions, the inlet and outlet
pressure and thus also the pressure drop over the 250 mm column is the same as for
the 150 mm columns used in the basic measurements. The scale of the time axis is set
in such a way that the k values are the same as the ones on the time axes of the above
chromatograms. This measurement at a variable flow rate delivers the same profile as
for the isopycnic way of working. The only difference lies in the absolute analysis time,
which is almost twice as high as in the other cases. This means that the variable SOS-
SFC method can deliver correct predictions of retention factors and elution profiles, but
it is not preferable over the isopycnic method because of the long analysis time that is
necessary if the predicted column is longer than the basic columns.
As baseline separation was not obtained in Figure IX.3 A-D the correspondence for
predictions on longer columns was also investigated. This is illustrated in Figure VII
4 where predictions (Figure IX.4 A) and experimental confirmations (Figure IX.4 B-D)
are depicted for the best separation on a 500 mm combined column. The fact that
this 500 mm column combination does not contain the same relative stationary-phase
fractions as the 250 mm column be confusing at first sight. However, as the minimal
section length of one single stationary phase is 10 mm, the exact same relative column
combination of the 500 mm column cannot be built in a 250 mm version. In other words,
when the maximum allowable column length is 500 mm, the software has more possible
combinations to use in the comparison. Therefore, doubling the 250 mm column does
not result in the best possible column combination for a 500 mm column.Alongside
the improved separation at the cost of increased analysis time, comparable observations
concerning the difference between the traditional method and the isopycnic method are
made as on the 250 mm column. However, the shift in retention times to lower values in
the measured chromatograms compared to the prediction, is higher than on the 250 mm
column. For the isopycnic measurement, the retention time of the last eluting peak is
11 % lower than predicted whereas this difference is only 1.4 % on the 250 mm column.
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Figure IX.4: Predicted and experimental chromatograms on the combined stationary phases:
20 mm C18 SH 2 + 110 mm C18 EPS 2 + 140 mm CN 2 + 230 mm C30. (A): predicted
chromatogram. (B): experimental traditional chromatogram: flow rate: 1.3 mL/min; pBPR:
150 bar; pav: 191 bar. (C): experimental isopycnic chromatogram: flow rate: 1.3 mL/min;
pBPR: 120 bar; pav: 161 bar. (D): Experimental variable chromatogram: flow rate: 0.34
mL/min; pBPR: 150 bar; pav: 161 bar. Peak annotations as in Figure IX.2
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Despite this fact, the prediction of the selectivities and elution profile still shows to be
correct.
3.4. Influence of stationary-phase order
Up to this point, all measurements were performed on the arbitrarily selected stationary-
phase order proposed by the software. The reason for this is that Equation V.4 was
introduced for isocratic HPLC separations where the order of the stationary phase does
not influence the selectivity or resolution. On the other hand, this stationary-phase order
is expected to be more important in isocratic SFC separations due to the compressible
character of SFC mobile phases. However, in the cases where it was studied in literature,
the influence of the stationary-phase order on the separation is only once reported to be
important [16]. In most cases, only a small influence or no influence at all is found [17-
19]. This indicates that the influence of the stationary-phase order is dependent on the
specific experimental and instrumental parameters, on the type of compounds analyzed,
and on the stationary and mobile phase used. In order to investigate the relevance for
the separation of the fifteen steroids, the column was reassembled using the opposite
order of stationary phases: 170 mm C30 + 40 mm CN 2 + 30 mm Phenyl 2 + 10 mm
C18 SH 2.
On this column, the compounds were separated using the same chromatographic condi-
tions as for the isopycnic measurement on the first column order (flow rate: 1.3 mL/min
and pav: 161 bar). The resulting chromatogram is depicted in Figure IX.5 B and it can
be compared with the chromatogram in Figure IX.5 A which is the same as Figure IX.3
C. The only difference between these figures is the stationary-phase order and it can be
seen that it does affect the separation. There is a general shift of the retention times
to lower values and peak pairs 13 and 9, 11 and 6, 5 and 10, and 14 and 8 are less
separated as in Figure IX.4 A. The reason for these observations lies in the fact that the
stationary phase which is dominating the separation, C30, is operated at higher pressures
than before. As a result, the mobile-phase density in the C30 stationary phase is higher.
Therefore the retention in this phase is lower leading to less optimal separation as on
the original column. Although this undoubtedly affects boundaries of the SOS-SFC ap-
plicability this doesnt outweigh the benefits of the actual predictability of separations
on the combined columns in SFC. This aspect requires more elaborate study but from
these experiments it appears more beneficial to position the longest stationary-phase
segments (i.e. the phases that deliver the highest separation of the com-pounds) at the
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Figure IX.5: Influence of the stationary-phase order on the separation on the 250 mm col-
umn. (A): experimental chromatogram on original column; isopycnic. (B): experimental chro-
matogram on the reversed column (170 mm C30 + 40 mm CN 2 + 30 mm Phenyl 2 + 10
mm C18 SH 2). For both chromatograms: flow rate: 1.3 mL/min; pBPR: 142 bar; pav: 161
bar. Peak annotations as in Figure IX.2
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end of the combined column.
3.5. Using SOS-SFC for faster preparative fraction collection
Thus far, SOS-LC and SOS-SFC procedures have focused on the full separation of all
compounds in a sample. However, in many cases, only one specific (target) compound
needs to be separated from the other compounds (impurities) for quantitative or prepar-
ative purposes.
The performance of the latter is well reflected through the production rate, which is
the amount of target compound which can be purified as a function of time. High
production rates are obtained with short columns and fast analyses but also when the
target peak is windowed as far away as possible from its neighbors. This last feature
allows a large increase of the sample concentration and volume without affecting the
purity of the collected fraction. As SFC is particularly favored as a fast, green and rela-
tively cheap technique for (semi-) preparative purification, it is worthwhile to investigate
the possibility of using the SOS-SFC methodology to maximize production rates. Cor-
texolone (compound 3) was therefore selected as target molecule. The reason for this
choice is that this molecule is not well separated from the other compounds on any of
the five pure stationary phases. In addition, the separation between cortexolone and its
closest neighbor (triamcinolone acetonide) on the combined-column combination used
in previous sections is only achieved when a total analysis time of 25 minutes is allowed.
This means that the production rate in that case is rather low. In order to improve
it, the retention data obtained in the above described basic measurements were again
introduced in the Optimizer software. The maximum allowable total column length and
analysis time were respectively set at 100 mm and 10 minutes.
The commercially (or in-house) available algorithms currently do not allow the prediction
of the best combination to resolve both sides of a single peak to a maximal extend. How-
ever, these do allow the prediction of the retention times and efficiencies of the different
peaks for all possible column combinations that fulfill the earlier stated requirements
of column length and analysis time. The retention times of cortexolone and its two
neighbors together with the predicted efficiency on all these column combinations, were
therefore exported to an Excel spreadsheet. Next, the resolutions between cortexolone
and its two neighbors were calculated for every combination. For all combinations where
these resolutions are both equal or higher than 1.5, a value of Y is calculated:
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Y = (1.5−Rs,1)(1.5−Rs,2) (IX.1)
Here Rs,1 and Rs,2 are respectively the resolutions between cortexolone and its earlier
eluting neighbor and its later eluting neighbor. The combination with the highest value
of Y is the most suited for production rate optimization: 10 mm C18 SH 2 + 10 mm
C18 EPS 2 + 60 mm CN. The predicted chromatogram on this column is depicted
in Figure IX.6 A and it is compared with the isopycnic experimental chromatogram
in Figure IX.6 B. This experimental chromatogram is a result of the injection of 2.4
µL of the sample in which all compounds were dissolved at the same concentration
(67 µg/mL). This means that the production rate of this separation was 0.96 µg/h
which is the same production rate as can maximally be acquired on the 250 mm column
combination from Figure IX.3. However, on the production-rate optimized column,
higher concentrations can be injected. Figure IX.6 C shows the chromatogram when 2.4
µL of a solution of the fifteen steroids is injected with the concentration of cortexolone
being 10,000 µg/mL while the concentration of the other compounds is 67 µg/mL.
This corresponds with a situation where the concentration of each impurity is 0.67
% of that of the target molecule. For an injection volume of 2.4 µL, the maximal
production rate (144 g/h) is achieved. Clearly this number can be raised by further
increase of the injection volume and by scaling the column diameters, however these
results illustrate that the SOS-SFC methodology and Equation V.4 provide a useful
handy tool in production-rate optimization of (semi-)preparative SFC separations.
4. Conclusions
The goal of this study was to investigate the potential of stationary phase optimized
selectivity predictions in SFC using tools that were developed for isocratic HPLC sepa-
rations. It was shown that for the test solutes used in this work, it is possible to predict
the retention times on any combination of stationary phases based on measurements on
the pure stationary phases. In order to obtain the best analogy between prediction and
experiment, it proved best to use the same average pressure (and density) in all experi-
ments. This isopycnic way of working only requires an adaptation of the back pressure
to the column length and is not adding any time or effort to the analyses. This work
was performed using a highly compressible mobile phase. As the mobile phases used in
practice are generally containing higher modifier amounts, SOS-SFC predictions will be








































Figure IX.6: Predicted and experimental chromatograms on the production-rate optimized
column combination: 10 mm C18 SH 2 + 10 mm C18 EPS 2 + 60 mm CN. (A): predicted
chromatogram. (B): experimental isopycnic chromatogram: flow rate: 1.3 mL/min; pBPR:
variable; pav: 161 bar; concentration of all compounds in sample: 67 µg/mL. (C): experimental
isopycnic chromatogram: chromatographic conditions as in Figure IX.3 B; concentration of
cortexolone in sample: 10,000 µg/mL; concentration of other compounds in sample: 67 µg/mL.
Peak annotations as in Figure IX.2
168
Implementing Stationary-Phase Optimized Selectivity in Supercritical Fluid
Chromatography
method or via the traditional method (fixed outlet pressure), will decrease. However,
even at a modifier amount of 50 %, the compressibility of the mobile phase is higher
than that of pure liquids which means that it would still be advisable to perform isopyc-
nic SOS-SFC. The small but not negligible influence of the order of the stationary phase
segments in the combined columns was illustrated. It appears beneficial to position the
most important phases at the end of the combined column. Finally, the unique appli-
cability of the SOS-SFC approach to improve preparative purification production rates,
is also demonstrated. By using the Optimizer software combined with a spreadsheet
program, a production-rate optimized stationary-phase combination was found that can
be used in semi-preparative SFC separations. The results demonstrate the potential of
predicting optimal stationary-phase combinations in SFC and also illustrates the benefits
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Despite of the many potential advantages of supercritical fluid chromatography (SFC)
over high performance liquid chromatography (HPLC), the technique still suffers from
some important issues. The innovations that were introduced in LC concerning ultra-
high pressure instrumentation in combination with the use of short columns coupled with
sub-2 µm fully-porous or superficially-porous particles, have decreased the need for SFC
as fast, highly efficient, and green alternative for LC. UHPLC can deliver high-throughput
or high-resolution separations combined with low solvent consumption. However, in the
last few years, the use of such UHPLC columns on innovative UHSFC instruments again
increased the interest in the technique. Nevertheless, UHPLC is still more popular for
most applications than UHSFC. To a large extent, this is due to the compressible nature
of the CO2-rich mobile phases that are applied in SFC.
One of the problems that is present when working with compressible fluids as mobile
phase, is that the traditional approach for the construction of van Deemter curves and
kinetic plots as used by other authors in the past, is known to be not correct. In order
to deliver a solution for this problem, different methods to construct van deemter and
kinetic plots are presented and evaluated in Chapter VI of this thesis. In contrast to the
tradional method, the variable-L method and the isopycnic method were shown to result
in accurate van Deemter curves and kinetic plots. However, as the variable-L method is
practically not useful, the isopycnic approach is to be preferred as a simple and correct
tool to construct these plots. As a consequence of these results, it is now possible to
compare HPLC and SFC separations in an honest way for the first time. It was shown
in Chapter VI that the claim that SFC can deliver higher efficiencies in shorter times
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compared to HPLC, only holds to a certain point because of the use of a back pressure
regulator in SFC in addition to the lower pressure limits of CO2 pumps compared to LC
pumps.
The construction of kinetic plots is particularly useful in the field of column and instru-
mental development. Via the construction of kinetic plots, the practical boundaries of
the use of new column geometries on contemporary instrumentation can be examined.
In this respect, SFC and HPLC kinetic plots were measured on columns packed with
particles of different sizes in chapter VII. These data were then used to predict the
kinetic performance of 1 µm and 0.5 µm on contemporary HPLC and SFC instrumen-
tation. The results show that working with 0.5 µm particles in SFC requires pressures
that greatly exceed the pressure limits of current SFC instrumentation. Using such small
particles on contemporary UPLC instrumentation is possible if very short columns are
used. The use of 1 µm particles shows potential in both HPLC and SFC on the current
state-of-the-art instruments.
In the second part of this thesis, two different mechanism to predict the best stationary
phase or stationary-phase combination for a given SFC separation are presented. In
Chapter VIII a first attempt is made to predict the SFC separation of a set of pharma-
ceuticals with high structural similarities on different stationary phases. In contrast with
previous attempts made by West et al., the used model and descriptors set in this work,
can be further optimized to increase the prediction quality. In this respect, the work in
this thesis can be seen as a preliminary study, on which further research can be based.
In the final chapter, we were able to implement the stationary-phase optimized selec-
tivity (SOS) in SFC. An analogous isopycnic approach as was described in Chapter VI
and Chapter VII, made it possible to predict separations on combinations of stationary
phases based on retention measurements on the pure stationary phases. The influence
of the stationary-phase order on the prediction accuracy showed to be small but not
negligible for the set of analytes and stationary phases used in this work. For this rea-
son, further development of the prediction algorithm to take into account influence of
the stationary-phase order would be a useful subject for further study. As the most
important applications of SFC lie in the preparative field, a practical implementation
of the SOS-SFC methodology was made by using it to increase the production rate of
(semi-)preparative SFC separations.
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Packed-column supercritical fluid chromatography (pSFC) is known for several years
to be a cheaper, greener, and/or faster alternative for LC for chiral and preparative
separations. However, in the recent years, SFC has gained a renewed interest in the
field of achiral analytical separations thanks to the innovations made in instrumental
design. nevertheless, the use of the inherently compressible mobile phase in SFC still
delivers some difficulties that are not present when performing LC separations. In this
PhD research, it was shown that it is possible to deal with these difficulties when SFC
performance is measured or in selectivity prediction of SFC separations.
The inherent potential advantages of SFC over LC are described in Chapter II as these ad-
vantages are fully explained by the favorable physico-chemical properties of supercritical
fluids compared to liquids. Because of the higher diffusivities, lower densities, and lower
viscosities of supercritical fluids compared to liquids, the use of these supercritical fluids
as mobile phase in chromatography should result in higher efficiencies in shorter times.
In addition, replacing a considerable amount of organic solvents by the cheap, inert,
non-toxic, and green CO2, results in greener and cheaper separations compared to LC.
However, it is also highlighted in Chapter II that the high compressibility of supercritical
fluids does hamper the use of CO2 in the mobile phase. A major difficulty lies in instru-
mental design as it is more difficult to deliver accurate and robust CO2 flows through
a chromatographic system. In the past years, the major chromatographic-instrument
builders, were able to overcome these difficulties which results in state-of-the-art SFC
instruments that are capable of delivering a performance and robustness that is close to
that of state-of-the-art LC instruments. An overview of the practical aspects on SFC
hardware can be found in Chapter IV.
Next to these introducing chapters on the field of SFC, a general theoretical description
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on chromatographic parameters like efficiency, selectivity, retention, and resolution is
delivered in Chapter III. The practical aspects of resolution optimization in SFC are
overviewed in Chapter V. In that chapter it becomes clear that using long columns
or small particles in SFC has been a difficult task in the past but that the recent
innovations on instrumental design made it possible to perform SFC separations on very
small particles in the present. In the last part of that chapter, the subtle differences
between SFC and LC separation mechanisms are overviewed.
The practical work in this thesis can be divided in two main parts. The first part contains
Chapter VI and VII and deals with the construction of correct van Deemter curves
and kinetic plots for SFC separations. Because of the compressible character of the
CO2-rich mobile phase in SFC, constructing these plots by measuring the performance
as a function of flow rate in a traditional way, does not deliver accurate results. In
order to tackle this problem, an inherently correct method to measure the performance
at different flow rates and construct van Deemter curves and kinetic plots using the
measured data, was described by the variable-L method. However, because of the
fact that this method is practically not useful, also the so-called isopycnic method was
evaluated. This method where the performance is measured as a function of flow
rate at constant average pressure and density, shows to be a correct and practically
useful alternative for the variable-L method. This isopycnic method was then used
to show the dependence of the kinetic performance of SFC separations on the average
pressure.This means that a general comparison between SFC and HPLC cannot be made,
as is illustrated in the last figure of Chapter VI. This figure shows for the first time a
correct experimental comparison of SFC and HPLC kinetic performance on the same
column. From these results it becomes clear that SFC is to be preferred over HPLC
when the speed of the analysis is important. In contrast, HPLC is the best option to
reach very high efficiencies.
In Chapter VII, the applicability of the isopycnic kinetic plot method as a tool to examine
the potential use of fully-porous and superficially-porous packing particles with different
diameters on contemporary SFC instrumentation is illustrated. By constructing kinetic
plots of the SFC and HPLC separations on these columns, kinetic performance of these
columns can be compared. In addition, these measured data were used to predict the
kinetic performance of columns packed with 1 µm and 0.5 µm fully-porous particles.
By doing this, the usefulness of those particles in combination with contemporary SFC
and (U)HPLC instruments was estimated. This work shows the importance of kinetic
plots in the development of new column geometries.
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The second part of the practical work performed in this thesis encompasses the pre-
diction of SFC separations on several stationary phases in order to expedite selectivity
optimization in SFC. In Chapter VIII, a first attempt is made to predict the separation
of five new compounds on three stationary phases using retention-time data of a set of
other compounds on these stationary phases. These predictions are made using quan-
titative structure-retention relationships (QSRR) where the retention is expressed as a
function of a set of molecular descriptor values. The results show a promise in the field
but the QSRR model and the descriptor set should be optimized in future work in order
to obtain high prediction quality.
In Chapter IX, the stationary-phase optimized selectivity (SOS) procedure which has
been developed for LC separations, was implemented in SFC. The separation of fif-
teen steroids was predicted on all combinations of five different stationary phases based
on the measurements of the retention of these steroids on the pure stationary phases.
Analogous with the conclusions drawn in Chapter VI, an isopycnic approach delivered
the highest prediction accuracy. In contrast to the situation in isocratic SOS-LC, the
stationary-phase order was expected to influence the separation because of the compress-
ible character of the mobile phase in SFC. Therefore, this influence was examined and
showed to be small but not negligible. The practical relevance of the SOS-SFC approach
was illustrated in the last part by using SOS-SFC to predict the best stationary-phase
combination in order to improve the production rate of a semi-preparative separation.
The final concluding remarks are overviewed in Chapter X. A first scope of this thesis
was to investigate the true potential of SFC compared to state-of-the-art LC separations.
It is clear that by the work on the construction of isopycnic kinetic plots, this goal is
achieved as it is now possible to compare SFC separations on different column types and
to compare SFC separations with HPLC separations by the means of kinetic performance.
It was also shown that several prediction algorithms that were developed for LC selectivity
optimization, can also be implemented in SFC when the compressible character of the




Gepakte kolom superkritische vloeistofchromatografie (pSFC) wordt al jaren gezien als
goedkoper, groener en/of sneller alternatief voor chirale en preparatieve vloeistofchro-
matografie. Dankzij recente instrumentele innovaties wordt SFC meer en meer aangewend
voor achirale analytische scheidingen. Het gebruik van de inherent samendrukbare mo-
biele fasen in SFC brengt echter bepaalde moeilijkheden met zich mee die onbestaande
zijn bij LC scheidingen. In dit doctoraatsonderzoek wordt aangetoond dat deze moeil-
ijkheden te omzeilen zijn wanneer SFC performantie gemeten wordt of wanneer selec-
tiviteitsvoorspellingen voor SFC scheidingen gebeuren.
De potentiele voordelen die verbonden zijn aan SFC vergeleken met LC, staan beschreven
in Hoofdstuk II van dit werk. Deze zijn het gevolg van de voordelige fysico-chemische
eigenschappen van superkritische vloeistoffen vergeleken met vloeistoffen. De hogere
diffusiviteit, lagere densiteit en lagere viscositeit van superkritische vloeistoffen zorgen
ervoor dat het gebruik ervan in de mobiele fase bij chromatografische scheidingen zou
moeten resulteren in snellere scheidingen met hogere efficiëntie. Het vervangen van een
aanzienlijk deel van de organische solventen door goedkoop en niet-toxisch CO2, resul-
teert bovendien in groenere en goedkopere scheidingen wanneer de vergelijking met LC
gemaakt wordt. Desalniettemin zorgt de hoge samendrukbaarheid van superkritische
vloeistoffen ervoor dat het gebruik ervan in chromatografie bemoeilijkt wordt. Een van
de moeilijkheden ligt bij instrumenteel design daar het niet gemakkelijk is om accurate en
robuuste CO2 flows te genereren in een chromatografisch systeem. Deze moeilijkheden
zijn de laatste jaren in grote mate verholpen door de recente inspanningen die de grootste
instrumentenbouwers geleverd hebben op het vlak van instrumenteel design. Dit resul-
teerde in state-of-the-art SFC toestellen die in staat zijn om performanties en robuustheid
te leveren die in de buurt komen van deze van de state-of-the-art LC toestellen. Een
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overzicht van de praktische aspecten met betrekking tot SFC hardware wordt gegeven
in Hoofdstuk IV. Naast deze inleidende hoofdstukken omtrent SFC wordt in Hoofdstuk
III een algemene beschrijving gegeven van de basistheorie van resolutieoptimalisatie in
gepakte kolom chromatografie. De praktische aspecten van resolutieoptimalisatie in
SFC worden overlopen in Hoofdstuk V van deze thesis. Hierin wordt duidelijk dat het
gebruik van lange kolommen of kleine pakkingspartikels in SFC lang een moeilijk verhaal
was, maar dat door de grote innovaties op instrumenteel gebied, het gebruik van heel
kleine partikels in SFC tot de hedendaagse mogelijkheden behoort. In het laatste deel
van dat hoofdstuk worden de subtiele verschillen tussen de retentiemechanismen van
HPLC en SFC scheidingen overlopen.
Het praktische werk in deze thesis kan opgedeeld worden in twee grote secties. De
eerste omvat Hoofdstuk VI en VII en beslaat de constructie van correcte van Deemter
curves en kinetische plots voor SFC scheidingen. Dit kan namelijk niet gebeuren via
de tradionele LC methode door het samendrukbaar karakter van de CO2-rijke mobiele
fases die in SFC aangewend worden. Dit probleem kan worden omzeild door de inherent
correcte variabele-L methode te gebruiken waardoor het wel mogelijk is om de perfor-
mantie te meten als functie van de flow rate en de gemeten data te plotten als van
Deemter curve of kinetische plot. Deze methode is echter helemaal niet praktisch en
dus werd de alternatieve isopycnische methode ontwikkeld. Deze laatste methode werd
aangewend om de invloed van de gemiddelde druk op de kinetische performantie van
SFC scheidingen aan te tonen. De afhankelijkheid van de kinetische performantie van
de gemiddelde druk heeft als gevolg dat een uniforme vergelijking tussen HPLC en SFC
niet kan worden gemaakt. Dit wordt gëıllustreerd in de laatste figuur van Hoofdstuk VI
die voor de eerste keer een correcte experimentele vergelijking weergeeft tussen SFC en
HPLC performantie op dezelfde kolom. Uit deze resultaten blijkt dat SFC te verkiezen
is boven HPLC wanneer snelle scheidingen genoodzaakt zijn. Wanneer echter zeer hoge
efficiënties moeten gehaald worden, is HPLC de beste keuze.
In Hoofdstuk VII wordt de isopycnische kinetische plot methode aangewend om het po-
tentiële gebruik op hedendaagse SFC instrumentatie van volledig of gedeeltelijk poreuze
pakkingspartikels met verschillende diameters te onderzoeken. Door kinetische plots
te construeren van SFC en HPLC scheidingen op deze kolommen kan de kinetische
performantie op deze kolommen vergeleken worden. Deze gemeten data werden erna
aangewend om de kinetische performantie van kolommen gepakt met volledig poreuze
partikels met diameters van 1 µm en 0.5 µm te voorspellen. Hierdoor kan het nut
van het gebruik van zulke kolommen op hedendaagse SFC en (U)HPLC instrumenten
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ingeschat worden. Dit werk illustreert het nut van het opstellen van kinetische plots bij
de ontwikkeling van nieuwe kolomgeometriën.
Het tweede deel van het praktische werk behandelt het voorspellen van SFC scheidingen
op verschillende stationaire fasen met de bedoeling om het selectiviteitsoptimalisatie-
proces in SFC te versnellen. In Hoofdstuk VIII wordt een eerste poging gedaan om de
scheiding van vijf componenten op drie verschillende stationaire fasen te voorspellen op
basis van gemeten retentiedata van een groot aantal andere componenten op diezelfde
stationaire fasen. Deze voorspellingen werden gemaakt door gebruik te maken van
kwantitatieve structuur-retentie relaties (QSRR) waarbij de retentie wordt uitgedrukt
als functie van een set moleculaire descriptorwaarden. De resultaten tonen aan dat deze
werkwijze kan leiden tot accurate voorspellingen indien de descriptorset en het QSRR
model geoptimaliseerd kunnen worden in toekomstig onderzoek.
In Hoofdstuk IX wordt de stationaire fase geoptimaliseerde selectiviteit (SOS) procedure
die ontwikkeld werd voor LC scheidingen, toegepast voor SFC scheidingen. De scheiding
van vijftien steröıden op alle mogelijke combinaties van vijf verschillende stationaire fasen
werd voorspeld op basis van de gemeten retentiedata van deze steröıden op de zuivere
stationaire fasen. Naar analogie met de conclusies die in Hoofdstuk VI getrokken worden,
is ook hier de keuze voor een isopycnische aanpak het meest aangewezen daar deze de
meest accurate voorspellingen levert. In tegenstelling tot de situatie bij isocratische SOS-
LC wordt de scheiding wel bëınvloed door de volgorde van de stationaire fasen vanwege
het samendrukbaar karakter van de mobiele fasen die in SFC gebruikt worden. Om deze
reden werd deze invloed bestudeerd en deze bleek eerder klein te zijn. De praktische
relevantie van SOS-SFC werd tot slot aangetoond in het laatste stuk van Hoofdstuk IX
waar de beste stationaire fasecombinatie werd voorspeld voor de optimalisatie van de
productiesnelheid van een semi-preparatieve scheiding.
In Hoofdstuk X worden de belangrijkste conclusies die in deze thesis getrokken wer-
den, gebundeld. Een eerste hoofddoel van deze thesis was onderzoeken wat het echte
potentieel is van SFC wanneer er vergeleken wordt met state-of-the-art LC. De resul-
taten die geboekt werden in het werk omtrent de constructie van kinetische plots in
SFC tonen aan dat dit doel bereikt is daar het nu mogelijk is om SFC scheidingen op
verschillende kolommen te evalueren evenals een eerlijke vergelijking te maken tussen
de kinetische performantie van SFC en HPLC scheidingen. Er werd tevens aangetoond
dat verschillende voorspellingsalgoritmes die oorspronkelijk ontwikkeld werden voor se-
lectiviteitsoptimalisatie van LC scheidingen ook gebruikt kunnen worden in SFC zolang













A Eddy diffusion term
APCI Atmospheric pressure chemical ionization
API Active pharmaceutical ingredient
B Longitudinal diffusion term
BEH Bridged ethylene hybrid
BPR Back-pressure regulator
C Resistance to mass transfer term
CAD Corona charged aerosol detector
CART Classification and regression trees
CGC Capillary gas chromatography
CN Cyano stationary phase
cSFC capillary supercritical fluid chromatography
DAD Diode array detector
DIPA Di-isopropyl amine




ELSD Evaporative light scattering detector
EPS Enhanced polar selectivity
ESI Electrospray ionization
FAMES Fatty acid methyl esters
FV Volumetric flow rate
GC Gas chromatography
H Plate height
HILIC Hydrophilic interaction liquid chromatography
HPLC High performance liquid chromatography
k Retention factor
k∗ Apparent retention factor
KD Distribution coefficient
kf Retention factor of first eluting peak
kf Retention factor of last eluting peak
KPL Kinetic-performance limit
Kv Permeability of the packed bed
LC Liquid chromatography
LOD Limit of detection
LOOCV Leave-one-out cross validation
LSER Linear solvation energy relationship
MeOH Methanol





NPLC Normal phase liquid chromatography
ODS Octadecyl siloxane
pc Critical pressure
PLS Partial least squares
POPLC® Phase optimized liquid chromatography
prepLC Preparative liquid chromatography
prepSFC Preparative supercritical fluid chromatography
pSFC Packed column supercritical fluid chromatography
QSRR Quantitative structure-retention relationships
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List of Abbreviations
R Universal gas constant
RPLC Reversed phase liquid chromatography
Rs Resolution
RSD Ralative standard deviation
SFC Supercritical fluid chromatography
SOS Stationary-phase optimized selectivity
SOSLC Stationary-phase optimized selectivity liquid chromatography




TFA Trifluoro acetic acid
TLC Thin layer chromatography
tR‘ Time that the analyte spends in the stationary phase
tR,f Retention time of first eluting peak
tR,f Retenion time of the last eluting peak
u0 Linear velocity of the mobile phase
u0,opt Optimal linear velocity of the mobile phase
UHPLC Ultra-high performance liquid chromatography
UV-VIS Ultra violet and visible light
wb Peak width at the base
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Ik wil hier ook zeker nog eens alle leden van de lees- en examencommissie van dit
doctoraat bedanken om deze taak te aanvaarden.
Uiteraard is er af en toe ontspanning nodig en daarom wens ik alle chemievrienden,
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tussenshotvrienden, graspopvrienden, Sturm und Drank ploegmaats, Bulshotters ploeg-
maats en alle andere vrienden die niet direct in een categorie onderverdeeld kunnen
worden, te bedanken voor de broodnodige ontspanning.
Ik wil ook zeker Evy nog bedanken voor de steun die ik toch wel het grootste deel van
dit doctoraat mocht ontvangen!
De laatste (maar zeker de belangrijkste) groep mensen die ik wil bedanken is mijn
famillie. Mijn ouders in de eerste plaats, maar ook Annelies, Tim en Maarten en alle
andere famillieleden. Zonder hun steun was ik hier niet geraakt!
Ik wens tot slot nog alle lezers van dit werk te bedanken.
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